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Abstract 
Background: Photochemical tissue bonding with standard chitosan films containing 
rose bengal (0.01 % w/v) and chitosan (MW ~ 250 kDa, 1.7 % w/v) is an experimental 
technique for tissue repair that avoids thermal injuries and the use of sutures. In this 
study, innovative formulation and fabrication procedures were adopted to improve the 
film’s bonding strength, degradation rate and ability to integrate with tissue. 
Materials and Methods: Films were fabricated using two blends of oligomeric chitosan 
(MW ~ 5 kDa) and medium MW chitosan (~ 250 kDa) at 10 % or 30 % ratio. The 
chitosan blends were dissolved in a water solution of acetic acid (2 % v/v) and rose 
bengal (0.01 % w/v). Other films were prepared using the blends described above with 
the addition of the amino acid L-3,4-dihydroxyphenylalanine (L-DOPA) at a 
concentration of 0.16 % w/v. The films were further processed making them porous by 
freeze drying. Non-porous films were also fabricated with oligomeric chitosan at 10 % 
and 30 % ratio, with and without L-DOPA for comparison. Films were bonded in vitro 
to sheep intestine using a light emitting diode (LED,  = 515 nm) to test their adhesion 
strength with a single column tensiometer. Mechanical and physical properties of the 
films were also assessed, such as tensile strength, percentage elongation, Young’s 
modulus, mass loss over a 7-day period and swelling over a 2-hour period in 
physiological conditions. 
Results: The porous adhesive films with L-DOPA and 10 % oligomeric chitosan (pore 
diameter = 110 ± 24 μm), produced the highest tissue bonding strength of 19.0 ± 1.1 
kPa (n = 30, p values < 0.0001, one-way ANOVA, Tukey’s post-test), which was about 
30 % stronger than standard chitosan films. The percentage mass loss of the films at 
day 7 increased from 5 to 60 % as their oligomeric content increased from 0 to 30 %. 
Porous films without L-DOPA had tensile strengths (0.1 ─ 1.1 MPa) and Young’s 
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moduli (0.5 – 1.6 MPa) that were 20 to 40 % of their non-porous counterparts. 
Nevertheless, the bonding strength of these porous films was high (10 ─ 15 kPa) and 
thus still suitable for soft tissue applications. Noticeably, the porous films had higher 
swelling ratios than non-porous films (220 ─ 320 % vs 95 ─ 110 %). 
Conclusion: Porous films with L-DOPA and 10 % oligomeric chitosan have been 
successfully fabricated and tested in vitro. These films have higher tissue bonding 
strengths than standard chitosan adhesives when photoactivated and their porosity and 
erodibility can facilitate tissue integration.
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1. Introduction 
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1.1 Research Case 
Surgical closure of soft tissue wounds usually relies on sutures and staples. 
These devices often lead to undesirable cosmetic results, pain, foreign body reactions 
and tissue trauma.1 Furthermore, they are difficult to apply on tissue that can easily tear 
or are hard to reach in the body. To overcome these issues, tissue adhesives were 
developed. The most common types of adhesives that have been used clinically are 
fibrin-based glues, formaldehyde/glutaraldehyde-based glues, cyanoacrylates and 
polyethylene glycol (PEG)-based hydrogels. These materials have shown to reduce 
operation time, blood loss, foreign body reactions and pain for some procedures, but 
are limited by their biocompatibility, degradability, adhesion strength or poor 
mechanical integrity under high loads or in wet conditions.2  
Several reports have demonstrated the success of chitosan-rose bengal 
adhesives, which are capable of strongly adhering to tissue through photochemical 
tissue bonding (PTB) by exposing this biomaterial to green light. For example, these 
adhesives lead to a more efficient recovery of anastomosed rat nerves in vivo than 
sutures and promote enhanced tissue bonding in wet environments when the surface of 
the adhesive is structured with nanopillars.3,4 To make these adhesives more suitable 
for tissue regenerative applications, the aim of this research is to improve their 
erodibility and porosity without compromising their bonding strength and simple 
method of production. In literature, experimental adhesives are often limited by their 
multistep fabrication procedures, long-term biocompatibility, and use of potentially 
toxic crosslinking agents or slow degradability to provide strong adhesion.5  
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1.2 Project Objectives  
1. Increase the erodibility of the chitosan-rose bengal adhesive by incorporating water-
soluble additives (chitosan oligomers) to the adhesive. 
2. Remodel the chitosan-rose bengal adhesive with micro-size pores by freeze drying 
for cell infiltration and growth.  
3. Investigate a new adhesive formulation by adding L-3,4-dihydroxyphenylalanine 
(L-DOPA) to the chitosan-rose bengal adhesive for increasing tissue bonding 
strength.  
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2. Background 
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2.1 Introduction 
Tissue damage as consequence of trauma, disease and surgery has been a 
problem that humans have faced since the ancient eras. Because the human body is  
relatively slow in repairing injured tissue, many techniques and materials have been 
developed to enhance the body’s healing process.6 The most popular devices for soft 
tissue repair are sutures, staples and adhesives. In this chapter, a brief overview of 
wound healing is given, with subsequent sections highlighting tissue repair devices 
currently used by surgeons and researchers, their applications and limitations. 
2.2 Physiology of Tissue Repair 
Tissue repair is usually divided into four sequential partially overlapping 
phases; haemostasis, inflammation, cell proliferation, and tissue remodelling.7 The 
haemostasis phase includes the events that prevent the loss of blood at the wound site, 
such as vasoconstriction, platelets aggregation and blood clot formation. Inflammation 
covers the processes used in the removal of pathogens, irritants and damaged cells at 
the wound site by white blood cells such as neutrophils and macrophages. The 
proliferation stage encompasses the tasks involved in the growth of new cells, synthesis 
of collagen and construction of an extracellular matrix. The body commonly uses 
collagen to replace damaged cells.  Nearby stem cells can also replace the damaged 
cells by differentiating into the same type as the damaged cell, but this occurs only for 
tissue with cells that can  re-enter the cell cycle such as the skin, and only when the 
damage is just a break in the surface layer of the tissue such as a paper cut.8 Fibroblasts 
(triggered by growth factors released from platelets and inflammatory cells) usually 
coordinate the proliferation stage. The final phase, tissue remodelling, comprises of 
actions that strengthen the closed wound, for example orienting deposited collagen 
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fibres and crosslinking them into thicker fibres to increase the tensile strength of the 
scar.  
The body may take up to months or years for the damaged tissue to reach a state 
close to the structure and function of the tissue before injury; the tensile strength of the 
original tissue is never regained.7 Moreover, local or systemic disturbances to the repair 
process (such as infection, hypoxia, necrosis, excess inflammatory cytokines, large 
wound size, old age, hormone imbalances, diseases, nutrition deficiencies, alcoholism, 
smoking or stress) may further slow the course of healing and result in chronic or non-
healing wounds.9  
To facilitate the above healing processes, surgical approximation of wound 
edges can offer several advantages (Figure 1). (1) It can minimise scar formation by 
limiting the dead space between opposed tissue edges and therefore reduce the amount 
of collagen deposited to form the new tissue. (2) It prevents pathogens from entering 
the wound site and (3) decreases the amount of blood, fluid or air lost at the wound site. 
(4) If broken portions of the body are in apposition, chemicals and cells can also travel 
more efficiently around the wound site and thus promote faster healing. 
 
 
 
7 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Overview of the repair process in the body. Tissue connectors such as sutures, staples and adhesives 
facilitate the healing process. 
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2.3 Conventional Methods for Soft Tissue Repair 
Presently, sutures and staples are the most used methods for connecting soft 
tissue edges together (Figure 2). There are mixed conclusions in literature about which 
method is superior. Several studies have found that there is no significant difference 
between both techniques in the rate of infection, scarring, post-surgical complications 
and length of hospital visits.10 Other studies have reported that staples are more painful 
for the patient during removal but lower the operating time in comparison to sutures.11 
The decision to use either sutures or staples is highly dependent on the surgeon’s 
preference, the size of the closure and the anatomical location of the injury. Each 
technique is analysed in this section.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Drawing of simple interrupted sutures and surgical skin staples. 
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2.3.1 Sutures 
Sutures are thread like materials that are sewn into tissue with a needle to hold 
edges of a wound together. Currently they are the primary method for soft tissue wound 
closure. The suture material, texture, coating and diameter, needle profile and sewing 
technique vary according to the conditions of the wound (tissue type, size, depth and 
tension), the cost, the desired cosmetic results and the skill of the surgeon.12,13 For 
example, non-absorbable sutures such as silk, polypropylene, polyester and nylon are 
favoured for tissue that need greater mechanical support such as vessel, tendon and 
bowel repairs and abdominal wall closures.13 Absorbable sutures such as sheep 
submucosa, polydioxanone, poly(glactin) and poliglecaprone are preferred for use on 
internal organs since they are usually completely reabsorbed in the body within 3 to 6 
months.12 The tensile strength of sutures can be tuned by increasing the thickness of the 
suture thread. Sutures with multiple threads braided together are easier to handle and 
keep in a knot but have a higher risk of infection than single strand sutures. In the 
laboratory, sutures have also been able to modulate wound healing by coating the 
sutures with drug eluting polymers or stem cells.6,13  
Sutures have been used for over 4000 years; their long practice is attributed to 
their reliability.14 The disadvantages of sutures mainly stem from their invasiveness, as 
they puncture tissue with a needle that causes pain and trauma. Sutures are not ideal for 
wounds that need to be sealed tightly to prevent fluid or air leakages (higher risk of 
dehiscence), especially for tissue that are highly vascularised, have low cohesion or 
undergo expansion, for example the lungs, kidneys, liver and dura mater.15-17 Small and 
delicate structures such as blood vessels, airways, tendons and nerves are also difficult 
to suture and non-absorbable sutures used in these microsurgeries often lead to foreign 
body reactions (Figure 3).3,18-20  A clinical trial also reported that non-absorbable and 
10 
 
absorbable sutures have similar rates of infection at surgical sites for intra-abdominal 
procedures.21 Furthermore, scarring results and the quality of the wound closure are 
heavily dependent on the skill of the surgeon.22 The principle advantage of sutures is 
their high tensile strength and versatile application.13   
11 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Longitudinal sections (magnification 40x) of bisected median nerves reconnected with nylon sutures after 1, 4 and 12 
weeks. Dilated blood vessels (Bl) and micro-neuromas are seen around the site of suture placement (S) on the epineurium (Ep). 
The pictures were obtained from Barton et al., Copyright 2013, with permission from John Wiley and Sons.3 
12 
 
2.3.2 Staples 
Staples are small, thin wires that hold approximated wound edges together when 
bent into tissue with a hand-held cartridge (stapler). The staples are usually made of 
stainless steel or titanium. These staples need be removed after use with a staple 
remover. Staples that do not require removal are usually made from absorbable 
polymers based on polyglycolic acid and/or polylactic acid.  Surgical staples are 
commonly used in surgeries involving the skin, the clamping of large vessels and the 
transection, resection or anastomosis of internal organs.23-26 For wounds under high 
tension, non-absorbable staples are preferred over absorbable staples. These devices are 
favoured over sutures in terms of their ease of use and faster application, especially for 
the closure of long lacerations.27 The main disadvantages of staples include their 
discomfort to patients particularly during removal of non-absorbable staples, tissue 
trauma during insertion, and unsuitability for use on small tissue structures.22 Similar 
to sutures, the effectiveness and complication rate of these devices are heavily 
influenced by the surgeon’s experience.28 
2.4 Clinical Adhesives for Soft Tissue Repair  
Tissue adhesives are sticky materials that can tightly hold tissue edges together. 
They bring adhesion by utilising one or more of the following mechanisms: mechanical 
interlocking, intermolecular bonding, chain entanglement and electrostatic bonding 
(Figure 4).2,29 They have emerged as attractive alternatives to sutures and staples due 
to their minimally invasive procedure. 
The most widely used adhesives in the clinical arena are fibrin-based glues, 
formaldehyde/glutaraldehyde-based glues, cyanoacrylates and PEG-based hydrogels. 
These adhesives are typically used as adjuncts for sutures and staples to help control 
bleeding or leakage in surgeries.1,2,5 Each of these adhesives have certain limitations 
13 
 
that restrict them to specific applications. For instance, fibrin-based glues are not 
suitable for use on wounds that are wet or under high tension, 
formaldehyde/glutaraldehyde-based glues are associated with the potential for local 
tissue toxicity, cyanoacrylates are confined to skin wounds, and some PEG-based 
hydrogels are not ideal for use near anatomic structures that are sensitive to 
compression.30-33 The properties, advantages and disadvantages of these adhesives are 
further discussed in this section.  
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Figure 4. Schematic depicting the main bonding mechanisms used in soft tissue adhesives. 
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2.4.1 Fibrin-based Glues 
Fibrin-based glues are composed of blood plasma proteins to mimic the 
properties of physiological blood clots. These adhesives are usually made by mixing a 
solution of thrombin and calcium ions with fibrinogen and factor XIII. In this mixture, 
thrombin converts fibrinogen into fibrin monomers and in the presence of calcium 
chloride it polymerises the fibrin monomers and amino acid residues on the tissue 
surface (by amide bond formation) into an insoluble clot, which is done through the 
activation of factor XIII into factor XIIIa (Figure 5).34 The crosslinked fibrin polymer 
degrades into nontoxic fragments by plasmin enzymes in the body.30 To slow down the 
glue’s degradation rate and produce stronger clots, the glue may incorporate fibrinolysis 
inhibiters such as aprotinin or be modified with a higher concentration of thrombin.35,36 
Fibrin-based glues are clinically approved for attaching skin grafts for burn wounds and 
skin flaps for face lift procedures.30 It is also indicated for use, when used in conjunction 
with sutures or staples, as a sealant for colon anastomoses and a surgical haemostatic 
agent.30 The drawbacks of this glue include their weak adhesion under high tensile 
loads, short shelf life at room temperature, the risk of infection due to their blood 
derived components and unsuitability for intraluminal procedures (can cause 
embolism) and treatment of severe bleeding (can wash away glue).30,37  
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Figure 5. Schematic depicting how fibrin-based glues adhere to tissue; this mechanism resembles 
the process of blood clot formation in the body. 
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2.4.2 Formaldehyde/Glutaraldehyde-based Glues  
Formaldehyde/glutaraldehyde-based glues are usually composed of water-
soluble proteins such as gelatin (derived from skin or bone collagen) and albumin (a 
blood plasma protein). The crosslinking agents’ formaldehyde and glutaraldehyde 
provide the glue’s strong adhesion on tissue. Crosslinking occurs when the amino 
groups of the protein react with the crosslinker’s aldehyde groups, which also 
simultaneously react with the amino groups on the tissue surface (Figure 6).2 Phenolic 
compounds (e.g. resorcinol) may also be added for longer stabilisation in aqueous 
environments.2 These glues have been used to reinforce fragile tissue, for example in  
vascular and pulmonary surgeries, to prevent bleeding or fluid leakages.38,39 However, 
the glues are unsuitable for use near nerves (can cause paralysis), wounds under active 
bleeding (can wash away glue) and repairs where the glues can leak inside vessel 
structures (glue can cause embolism).38 Unreacted aldehyde components and 
degradation products of the glues may also cause local tissue irritation, fibrosis or 
necrosis; their routine use is met with caution.31,38,40  
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Figure 6. Tissue adhesion mechanism of glutaraldehyde-based glues; the 
aldehyde groups promote Schiff base linkages with the amino groups in the 
adhesive material and tissue surface. 
 
 
 
 
 
 
 
 
 
 
 
  
19 
 
2.4.3 Cyanoacrylates  
Cyanoacrylate adhesives are composed of liquid monomers with the chemical 
formula CH2=C(CN)COOR (R represents an alkyl group). These monomers polymerise 
exothermically into a solid film when in the presence of nucleophilic species such as 
water, blood and protein amino groups on the tissue surface.32 Figure 7 illustrates the 
mechanism of this reaction. The glue’s adhesion strength, heat production, flexibility 
and degradability depend on the length of the alkyl group.32 Plasticizers, stabilizers and 
viscosity adjustment agents are also often added to improve their properties.5 However, 
cyanoacrylates are clinically limited to skin wounds due to concerns with the release of 
cytotoxic degradation products (cyanoacetate and formaldehyde) by hydrolysis.41 
Furthermore, researchers have reported the glue to promote inflammatory reactions 
when applied in the abdominal cavity of rats.32 These adhesives also do not work well 
in areas that are regularly bathed with bodily fluids (can wash away the glue) and in 
areas that are under constant movement or stress (the polymerised glue is brittle).32    
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Figure 7. Polymerisation mechanism of cyanoacrylates. The double bond between the two carbons in the cyanoacrylate 
monomer is polarised (due to the electron-withdrawing cyano group and ester group in the monomer) and highly 
susceptible to nucleophilic attack. 
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2.4.4 Polyethylene Glycol (PEG)-based Hydrogels  
PEG is a water soluble biocompatible material that can be easily cleared by the 
kidney or locally metabolised.5 To form a hydrogel and promote adhesion to tissue, 
PEG is usually functionalised with reactive groups such as N-hydroxysuccinimide-
esters, thiols and acrylates. As an example (Figure 8), when N-hydroxysuccinimide 
functionalised PEGs are mixed with thiol capped PEGs, the thiol groups can crosslink 
with the carbonyl groups of succinimide ester groups to form a hydrogel. The carbonyl 
groups of the succinimide esters also acts as sites for nucleophilic attack by protein 
amino groups available in the tissue. Some formulations may use proteins such as 
albumin instead of thiol capped PEGs as the second component of the glue. Acrylated 
PEGs promote radical polymerisation reactions with the tissue surface and other PEG 
molecules when in the presence of photoinitiatiors and ultraviolet (UV) or blue light.5  
PEG-based hydrogels have gained clinical interest because they have a longer 
shelf life than fibrin-based glues, do not release toxic degradation products like 
formaldehyde/glutaraldehyde-based glues and cyanoacrylates, and have the potential to 
transport drugs.42  Currently, these hydrogels are predominantly used for preventing 
leakages in lung resection, vascular reconstruction and dural closure procedures.39 The 
downsides of PEG-based adhesives include their unsuitability for use on tissue under 
high tension due to their low mechanical integrity, pressure build upon surrounding 
tissue due to their high swelling properties or allergic reactions due to their synthetic 
components.33,43,44   
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+ 
+ 
Crosslinking 
Figure 8. Crosslinking mechanism of a two component PEG-based glue. The first component contains four-armed PEG molecules 
functionalised with thiol groups and the second component contains four-armed PEG molecules with N-hydroxysuccinimide 
(NHS) ester functional groups. When these components are mixed together on tissue, the amino groups in the tissue and thiol 
groups in the glue displace the NHS groups in the glue to form a crosslinked hydrogel. These four-armed PEG molecules are often 
used in commercial PEG-based glues such as Coseal.  
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2.5 Experimental Adhesives for Soft Tissue Repair 
There is no tissue adhesive, to date, that fulfils all medical and surgical needs. 
In many cases adhesives have been customised to suit certain tissue requirements. For 
example, adhesives can be made into different forms such as liquid glues, sprays, 
hydrogels, films or scaffolds.  The mechanical properties, degradability and bonding 
features of the adhesive can be tuned by mixing additives with the base polymer, 
modifying the base polymer with different functional groups or changing the length or 
architecture of the base polymer chains.45 Bonding strength of the adhesive is also 
usually further enhanced with crosslinkers and nano/micro structures.45 Recent 
extensive reviews have already evaluated the success of various experimental 
adhesives.5,46,47 This review will just highlight the advantages and disadvantages of the 
most published base materials, modifications and crosslinking methods used for soft 
tissue adhesives.  
2.5.1 Commonly Used Base Materials and Modifications  
Base materials commonly used for soft tissue adhesives in literature are shown 
in Figure 9. Polyamides and polyesters are generally favoured for their biocompatible 
degradation or tensile strength. Polyvinyl alcohol and polyethylene glycol are 
biocompatible, water soluble and the cheapest out of all the materials listed in Figure 
9. Polysaccharides are used for their biocompatibility, biodegradability, low cost or 
ease of modification.5 However, all the mention materials so far, on their own, have a 
weak adhesion strength to tissue. Polyacrylates and polyurethanes tend to have good 
gel forming properties (forms a polymer network when in contact with water 
molecules) and good adhesive properties (can form covalent bonds with tissue protein 
amino groups).2,5 The drawbacks of polyacrylates and polyurethanes include their high 
stiffness, slow bioabsorption or release of toxic degradation products. Poloxamers are 
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used for their ability to form physiological temperature sensitive gels with reduced 
swelling.48 Polydimethylsiloxane (PDMS) can easily be moulded into different 
nano/micro structures.49,50 The main issue with poloxamers and PDMS is their toxicity, 
slow degradation or weak adhesion strength.  
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Figure 9. Diagrammatic list of common base materials used for soft tissue adhesives. 
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To increase the rate of degradation of the based materials (Figure 9) that have 
poor water solubility, the material is often blended with water-soluble polymers, the 
length of the polymer chains is made shorter or the polymer is functionalised with 
hydrophilic groups.5 The reactivity of the base materials can be increased by 
conjugating or coating more reactive chemicals onto the polymer (e.g. N-
hydroxysuccinimide-esters and aldehydes can spontaneously react with amino groups 
available in the tissue) and using dendritic polymers (globular structures can promote 
further functional group contact with a surface).45 To increase the initial attraction to 
tissue, the base materials can also be modified to incorporate structures such as nano 
pillars, mushroom shaped tips, micro needles/arrays, micro/nano pores and 
nanoparticles.46 These structures facilitate bonding by increasing the surface area of 
contact, physical adsorption or van der Waal, capillary and friction forces with the 
tissue. In fact, the nano/micro structures (setae) on the feet of crickets, beetles and 
geckos is what allows these animals to climb on surfaces.46 However, the physical 
adhesion strength on tissue provided by these structures on their own is weaker than 
what is obtained by chemical crosslinking. 
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2.5.2 Adhesives with Organic-based Crosslinkers 
Popular organic-based crosslinkers used in tissue adhesives include genipin, 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) with N-hydroxysuccinimide 
(NHS) and enzymes like tyrosinases, transglutaminases and horseradish peroxides.  
Some adhesive formulations use polymers that have been functionalised with reactive 
electrophilic and nucleophilic groups to form a crosslink upon mixing.  
 Genipin forms a reactive aldehyde intermediate when it is attacked by amines 
available in the tissue. This intermediate can form a bridge between the adhesive and 
tissue by reacting with the amino groups on both surfaces.51 The intermediate can also 
polymerise with other genipin molecules to form long-range intermolecular 
crosslinks.51 In a dopamine conjugated gelatin hydrogel, genipin was used as a 
secondary crosslinker for long-term adhesion. This adhesive showed stronger long-term 
adhesion strength on wet skin and cartilage tissue than commercially available fibrin-
based glues.52 Also, when applied in mice, ~ 80 % of the glue was gone by day 28. The 
disadvantage of genipin is its long curing time; genipin requires at least 35 minutes for 
gelation.52,53 For this reason, genipin is not ideal for applications that require rapid 
adhesion. 
EDC reacts with carboxylic acid groups to form O-acylisourea intermediates. 
These intermediates crosslink with free amino groups through condensation reactions. 
NHS is added to improve the efficiency of the condensation reactions; the O-
acylisourea intermediates are displaced with NHS esters, which are more stable against 
hydrolysis. EDC and NHS  require less time to form crosslinks but provoke more 
inflammatory reactions than genipin.51 Figure 10 illustrates the difference in 
crosslinking between genipin and EDC/NHS. In one study, researchers covered the 
surface of an alginate-polyacrylamide hydrogel with a solution of EDC, NHS and a 
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polymer with a high density of available amino groups and found that it could strongly 
adhere to wet skin, cartilage, heart, artery and liver tissue even with blood exposure.54 
Their adhesive energy (J.m-2) on skin was ~ 5 times greater than that of a medical grade 
cyanoacrylate glue (Loctite) and greater than 10 times of a commercial PEG-based 
sealant (Coseal). This adhesive resulted in mild inflammation comparable to Coseal. 
The main drawbacks of using EDC and NHS include slow degradation of the 
crosslinked polymer, allergic reactions and the requirement of several polymer 
modifications or components that need to be applied on the tissue.5  
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Figure 10. Schematic illustrating the difference between genipin and EDC/NHS crosslinking. (A) shows a gelatin hydrogel without 
crosslinking agents. (B) show the gelatin hydrogel crosslinked with genipin, which forms short- and long-range covalent crosslinks. 
(C) shows the gelatin hydrogel crosslinked with EDC/NHS, which forms short-range crosslinks through peptide bonds. These images 
were obtained from Liang et al., Copyright 2004, with permission from John Wiley & Sons.51 
A) B) C) 
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Enzyme-mediated adhesion is favoured for their relatively low cytotoxicity, fast 
adhesion or tuneable mechanical properties. The cost for production and low yield when 
produced on an industrial scale are the main disadvantages of using enzymes. 
Transglutaminase catalyses the crosslinking reaction between glutamine residues and 
amino groups. When microbial transglutaminase (used in powder form) was sprinkled 
over the surface of a chitosan film, the film was able to adhere on skin, cardiac, liver 
and intestinal tissue and amine functionalised PDMS materials in less than 5 minutes.55 
The mechanical strength of their adhesive bonds on collagen was significantly stronger 
than of a commercial fibrin-based sealant (Evicel) but significantly weaker than a PEG 
and albumin based glue (Progel).  
Tyrosinase promotes the hydroxylation of phenols into catechols and oxidation 
of catechols into ortho-quinones. Ortho-quinones can form covalent bonds with amines, 
thiols, hydroxyls, imidazoles and phenolic moieties.56 A tyramine conjugated 
hyaluronic acid and gelatin glue crosslinked with tyrosinase was able to promote 
gelation in less than 50 seconds and adhere to mouse skin tissue with negligible immune 
reactions.57 It could also be applied as a spray (Figure 11). Its adhesion energy (J.m-2) 
was greater than previous catechol-conjugated polymers (polyacrylate and PEG 
derivates) and sticky proteins found in nature such as mussel foot proteins that use 
reactive ortho-quinones to promote adhesion and cohesion. However, its slow 
dissolution appeared to slightly hinder the proliferation of cells.  
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Horseradish peroxidase in the presence of hydrogen peroxide promotes the 
polymerisation of phenols through oxidation. A gelatin-based glue functionalised with 
phenol derivatives achieved an adhesion strength on porcine skin that was greater than 
fibrin glue, when mixed with horseradish peroxidase and hydrogen peroxide.58 The 
authors also found that the gelation time, mechanical strength and degradation of the 
hydrogels could be adjusted by altering the concentration of horseradish peroxidase and 
hydrogen peroxide. The hydrogels that were stronger appeared to reduce cell 
proliferation due their lower degradability.  Also, the use of hydrogen peroxide can be 
cytotoxic to some tissue types.59 
Some adhesive formulations use an in-situ reaction between reactive functional 
groups of two base polymers to promote crosslinking. For example, when thiol 
functionalised chitosan was mixed with maleimide and catechol functionalised 
polylysine, gelation occurred within 10 seconds and an adhesion strength that was ~ 8 
Figure 11. Schematic illustration of a gelatin and tyramine conjugated hyaluronic acid 
(HA_t) gel crosslinked with tyrosinase derived from Streptomyces avermitilus (SA_Ty); 
the gel can be injected or sprayed onto tissue. This image was obtained from Kim et al., 
Copyright 2018, with permission from Elsevier.57  
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times greater than fibrin glue was obtained when applied on nerve tissue.60 The quick 
gelation and cohesion of the hydrogel was due to the Michael type addition reaction 
between the maleimide moieties in polylysine and the thiol groups in chitosan. The 
adhesion strength was attributed to the catechol groups in polylysine, which were able 
to promote hydrogen bonding with amino, hydroxyl and carboxyl groups on the tissue 
surface as well as electrostatic and π electron-cation interactions with collagen 
components (Figure 12). As another example, a solution of tannic acid and amine, 
hydroxyl or thiol functionalised PEG was also able to adhere on porcine skin tissue 
about 1 to 2.5 times more strongly than fibrin glue (PEG-NH2 > PEG-OH > PEG-SH).
61 
The adhesion was attributed to hydrogen bonding. The main drawbacks of these self-
crosslinking polymers include uncontrollable mechanical properties and the 
requirement of several steps for fabrication or application (components must be 
premixed). 
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2.5.3 Adhesives with Inorganic-based Crosslinkers  
Frequently used inorganic crosslinking agents for adhesives include ferric ions and 
periodate ions. These compounds are mainly used with adhesives containing ortho-
diphenol groups. Ferric ions form coordination complexes with ortho-diphenols. 
Periodate ions are oxidants that promote crosslinking by converting ortho-diphenols 
into reactive electrophilic ortho-quinones. These crosslinking mechanisms are 
illustrated in Figure 13.  In literature, adhesives with periodate ions or ferric ions to 
initiate crosslinking reactions were found to have adhesion strengths greater than 
commercial fibrin-based glues.62,63 Two studies have noted that periodate forms 
Figure 12. Diagram illustrating the gelation and tissue adhesion mechanism of a glue 
formed upon mixing thiol functionalised chitosan and polylysine functionalised with 
catechol and maleimide groups. This glue forms a gel through Michael addition (A) in 10 
seconds (B) and adheres to tissue though the interactions formed between the catechol 
and maleimide groups in the polylysine polymer (C and D). This image was obtained 
from Zhou et al., Copyright 2016, with permission from American Chemical Society.60  
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stronger crosslinks than ferric ions.64,65 However, both these crosslinking agents can 
cause allergic reactions, further long-term studies are needed, particularly for adhesives 
that use transition metal ions.  
 
  
Figure 13. Images of periodate induced covalent crosslinking and ferric ion 
complexation of pyrogallol functionalised hydrogel components. This image 
was obtained from Oh et al., Copyright 2015, with permission from 
Elsevier.64 
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2.5.4 Adhesives with Photoreactive Crosslinkers 
Light can be used as a trigger to control when, where and how long an adhesive 
is crosslinked. Photocrosslinking can occur through either a photothermal or 
photochemical process. Photothermal crosslinking involves denaturing collagen fibres 
with heat to promote mechanical interlocking. Common light to heat converting 
compounds used in adhesives include gold nanoparticles and dyes such as indocyanine 
green. Photochemical bonds are usually initiated with visible light sensitive compounds 
such as xanthene dyes, or UV sensitive formulations such as acrylic photo initiators, 
azide pendant groups, photoactive diazirines and ruthenium ion complexes.  
2.5.4.1 Photothermal Tissue Bonding 
Tissue edges can be reconnected by thermally coagulating tissue proteins with 
infrared light. To minimise thermal damage to surrounding tissue, infrared red light is 
frequently localised with indocyanine green or gold nanoparticles. Indocyanine green 
with infrared irradiation has shown to have comparable results in healing to sutures and 
reduce operation time when used in the repair of nerve, blood vessel, urethra and skin 
wounds in vivo.66-69 However, concerns with heat production occurring at > 70 oC and 
instability in water, limits further exploration with this dye.70,71 Gold nanoparticles 
(usually spherical or ellipsoid shaped with a dielectric silica core and gold surface 
coating) are favoured for their optical stability (no photobleaching), tuneable absorption 
range (can absorb in visible and infrared wavelength regions depending on the 
geometry of the nanoparticle) and more efficient conversion of light into heat energy.46 
Pulsed laser regimes have also been used to minimise thermal injury.72 Materials such 
as albumin, fibrinogen and chitosan are also applied as a ‘solder’ to supplement the 
bonding strength by mechanically intertwining with the tissue collagen fibres upon 
infrared irradiation.73 Nevertheless, strong tissue reconnection with photothermal tissue 
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bonding requires a dry operating environment and increased irradiance, which leads to 
higher chance of thermal damage.46,73 Long-term toxicity of the nanoparticles also 
needs to be further evaluated.46   
2.5.4.2 Photochemical Tissue Bonding  
Photochemical tissue bonding (PTB) involves covalently crosslinking tissue 
proteins with light. Usually, a photoreactive solution is applied on the tissue and then 
irradiated with light, typically from the UV or visible region, to initiate the bonding. 
During this procedure, the temperature of the tissue remains at physiological relevant 
temperatures (below 40 oC) and thus does not promote thermal damage. The 
photochemical reactions occur through a direct (type 1) and/or indirect (type 2) 
mechanism shown in Figure 14.74 In the type 1 mechanism, the photoactivated 
crosslinker forms reactive free radicals either by directly interacting with the molecules 
in the tissue and adhesive, or upon photoactivation, consuming itself in the process. In 
the type 2 mechanism, oxygen is necessary for PTB. The light-activated photosensitive 
molecules transfer energy to ground state oxygens producing reactive singlet oxygens. 
Singlet oxygens are higher energy state oxygen molecules that can easily oxidise 
surrounding molecules.  Furthermore, the excited photosensitisers return to the ground 
state after energy transfer with oxygen and can be photoactivated again for another 
reaction.  
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Figure 14. Diagram summarising the reactions involved in PTB. Following the absorption of light, the excited triplet 
photosensitisers (PS) may directly react with a substrate i.e. molecules in the tissue (such as oxygen and amino acids) and the 
adhesive material producing radicals via electron transfer (type 1 mechanism). Alternatively, the excited triplet photosensitisers 
may react with ground state molecular oxygens in the tissue producing singlet oxygens via energy transfer, which can react with 
the substrate to form reactive substances that promote crosslinking.  
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UV photoreactive crosslinkers are favoured for their very fast (< 1 minute), 
controllable, strong and aseptic curing. These crosslinkers usually promote PTB mainly 
through the type 1 mechanism. UV activated crosslinkers for PTB include acrylic 
photoinitiatiors like Irgacure 2959 and Darocur 2959, which promote free radical 
polymerisation reactions with the tissue surface and acrylic groups. As an example, a 
solution of methacrylol-substituted tropoelastin with Irgacure 2959 resulted in an 
adhesion strength that was greater than commercial fibrin-based glues (Evicel) and 
PEG-based sealants (Coseal and Progel).75 Alternatively, adhesives with UV active 
chemical groups such aryl azides and diazirines may be used to form covalent bonds 
with the tissue surface. When exposed to UV light, azides turn into reactive nitrenes, 
and diazirines turn into reactive carbenes; carbenes and nitrenes can insert into most 
carbon-hydrogen bonds.76 Ruthenium complexes are also UV sensitive and when 
combined with phenol-based adhesives, they can lead to adhesion strengths greater than 
commercial fibrin-based glues (Tisseel), as they promote the formation of di-tyrosine 
bonds with tissue proteins when photoactivated.77,78 The disadvantages of  UV activated  
adhesives for PTB include concerns with cytotoxicity to nearby tissue as UV light is 
readily absorbed by amino acids and nucleic acids.76 The high reactivity of these 
adhesives may also promote inefficient or toxic side reactions.76 Furthermore, the 
fabrication of these adhesives often involves multistep conjugation procedures or 
synthetic components that can be expensive to produce and cause allergic reactions.5  
Visible light (400 ─ 700 nm) activated photosensitisers mitigate the risk of 
protein and DNA damage associated with UV crosslinkers.79 Xanthene dyes such as 
rose bengal are commonly used visible light photoinitiatiors for PTB. These 
photoactivated dyes predominately proceed though the type 2 mechanism. This form of 
tissue crosslinking has shown to be biocompatible, cause less scarring and promote 
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better functional recovery than sutures when used in the repair of corneas, nerves and 
blood vessels in vivo.3,80,81 Also, in a clinical trial, patients were more satisfied with the 
cosmetic results of this technique after 2 weeks and 6 months for the closure of skin 
excisions than nylon interrupted epidermal suturing.82 The main constraint with visible 
light-activated PTB is the need of a laser to provide strong and fast tissue adhesion; 
lasers are expensive, have limited availability and can cause eye to damage to the user.  
 2.6 Chitosan-Rose Bengal Adhesives   
Various tissue adhesives have been developed but they mostly serve to support 
surgical sutures and staples for tissue repair. Their high cost and confined scope of 
applicability due to biocompatibility concerns, slow degradation or weak 
approximation of wound edges under wet or high-tension conditions, despite being 
faster, less painful and less invasive than sutures and staples, limits their potential as a 
standalone surgical tool. The requirements of an ideal tissue adhesive include: (1) non-
toxic components and degradation products; (2) an easy gluing procedure; (3) strong 
tissue bonding in dry and wet conditions; (4) mechanical, chemical and degradation 
properties that are favourable for the tissue development; (5) a fabrication procedure 
that is suitable for industrial scale production; and (6) being affordable for clinical 
acceptance.2,47 A promising adhesive close to satisfying most of these requirements is 
the green light-activated chitosan-rose bengal adhesive developed by Dr Lauto’s 
team.83,84 In this section, the components, properties and applications of these adhesives 
are described. The adopted strategies in this thesis to improve these adhesives are also 
outlined.   
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2.6.1 Chitosan 
Chitosan is a polysaccharide (Figure 15) widely used for tissue repair because 
of its biocompatibility, biodegradability, low cost and mechanical and chemical 
tuneability. In the biomedical arena, chitosan is commercially used as a hemostatic 
agent,85 and in literature, it was used for adhering nerves,3,86 as a wound dressing to 
accelerate the healing of burns,87 and as a drug delivery agent to control bioactivity.88  
Chitosan dissolves in mild acidic conditions (pKa ~ 6.3) and in the body, chitosan is 
depolymerised into oligomers of glucosamine and N-acetyl-glucosamine by lysozymes. 
Chitosan oligosaccharides are water-soluble, non-cytotoxic, and can be readily 
absorbed by the intestine.89 Chitosan’s degradation rate is influenced by its molecular 
weight, degree of deacetylation, moisture content and physical form (e.g. films, 
hydrogels, sponges, and particles).90-93 The free amino and hydroxyl groups on chitosan 
also allow for covalent and hydrogen bonding. Moreover, when its amino groups are 
protonated, it can promote weak electrostatic bonding with negative components in the 
tissue such as sialic acid. To improve chitosan’s adhesion strength, it is often 
functionalised or mixed with more reactive components.  
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Figure 15. Chemical structure of chitin, chitosan and protonated chitosan. 
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2.6.2 Rose Bengal 
Rose bengal is a xanthene dye that absorbs green light (500 ─ 570 nm). It can 
facilitate photochemical crosslinking reactions with tissue collagen mainly through the 
production of singlet oxygen (Figure 16).94 Lauto et al. also showed that these reactions 
can increase the tissue adhesion strength of chitosan films by ~ 15 times without causing 
thermal damage and cytotoxicty.83 Studies have shown that the level of reactive oxygen 
species produced by rose bengal when used for PTB (concentration =  0.1 ─ 1 mM and 
irradiance = 0.1 ─ 1.0 W.cm-2), do not have a significant effect on the growth and 
morphology of human fibroblasts in vitro and in vivo.83,95,96 One study also noted that 
PTB through rose bengal does not have a detrimental effect on the growth of stem cells 
in vivo.97  
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 Figure 16. (A) represents the chemical structure of rose bengal and (B) includes possible reactions that occur when 
rose bengal (RB) is photoactivated by green light in the presence of oxygen (3O2) and amino groups on the tissue 
surface; literature suggests that the production of singlet oxygen (1O2) is the most favoured route.
79,94 
A) B) 
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2.6.3 Applications 
Multiple studies have demonstrated the success of green laser-activated 
chitosan-rose bengal adhesives in soft tissue applications (Figure 17).  These adhesives 
provided a more efficient recovery of bisected rat median nerves in vivo than sutures.3,98 
The films displayed less scar formation, no foreign body reactions and faster regain of 
grip strength than sutures.3 The efficacy of these adhesives for nerve repair in vivo was 
demonstrated by another group as well, consolidating this technique as reproducable.86 
This group found that the adhesives were able to provide the necessary tensile strength 
for the repair of transected rat tibial nerves in vivo.86 The chitosan-rose bengal adhesives 
were also successful in attaching conductive polymers to a beating heart in vivo.99 PTB 
did not cause damage to the cardiac tissue and the conductive polymers remained 
adhered to the heart when checked after two weeks.99  The adhesives can also be 
modified with nanopillars for use in areas under higher loads; when the films were 
structured with nanopillars, its tissue bonding strength was significantly greater than 
the flat adhesives on both moist and dry tissue surfaces.4 Moreover, the adhesive 
formulation has proven useful for device attachment, for example an ovine forestomach 
extracellular matrix could be attached to tissue with green light when this structure was 
soaked in chitosan and rose bengal.100 
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Figure 17. Applications of green laser-activated adhesion with chitosan and rose bengal. 
Films made from chitosan and rose bengal can be curved into a cylinder (Ai) to reattach 
vessels such as bisected nerves (Aii), leaving no gap across the anastomosis site (An) after 
12 weeks (Aiii).84,98 Conductive polymers can also be incorporated on the adhesive film 
(black spot in Bi) for electroresponsive tissue such as the heart; the film can be easily placed 
on a beating heart and crosslinked to the tissue with green light (Bii).99 The adhesive film 
can also be fabricated with nanopillars (Ci) to increase tissue bonding strength for high 
stress applications (Cii).4,46 Extracellular matrices (Di) can also be attached to tissue with 
green light irradiation by impregnating these materials with a solution of chitosan and rose 
bengal.100 All images were obtained with permission. 
i) ii) 
C) 
i) 
D) 
i) ii) 
B) 
A
) 
i) ii) iii) 
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2.6.4 Developments 
To make the chitosan-rose bengal adhesives pose as a more attractive alternative 
to current clinical methods for tissue repair, the scope of these adhesives needs to widen 
in promoting better tissue regeneration, without compromising their cost. To achieve 
this, the structure of the adhesive films needs to be modified into a design that supports 
cell movement and transport of biochemicals, with also the potential to adhere on a 
variety of tissue surfaces. The proposed strategies implemented in this thesis to improve 
these adhesives are detailed below.  
 In aim of providing better cell growth and proliferation when wound edges are 
approximated, porous chitosan adhesives were developed through freeze drying. Freeze 
drying is a low temperature and low vacuum dehydration process. It is a well-
established technique in industry and commonly used for fabricating interconnected 
porous materials. In vivo, freeze-dried porous chitosan implants were able to promote 
sciatic nerve regeneration.101 Freeze-dried porous chitosan scaffolds have also 
demonstrated to provide a favourable microenvironment for stem cell delivery and 
growth.102  
To make the adhesive films more degradable and limit scar tissue encapsulation, 
without adding expensive additives such as enzymes or using multistep conjugation 
procedures, films with a blend of medium molecular weight (MW) and oligomeric 
chitosan (water-soluble chitosan) were tested. Generally, short chained polymeric 
based materials are more water-soluble than materials based on longer entangled 
polymer chains.103 A report has also showed that films based on a blend of medium 
MW chitosan and water soluble polysaccharides are more soluble in water than pure 
medium MW chitosan films.104 
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In addition, to reduce the cost of the adhesives and limit the risk of eye damage 
associated with lasers, for better clinical acceptance, a light emitting diode (LED) was 
used to photoactivate the adhesives. In literature, PTB with rose bengal initiated by 
LED irradiation was able to attain satisfactory tissue adhesion strengths.105,106   
To create a stronger adhesive, with the capability to attach to a variety of 
surfaces, both wet and dry, chitosan-rose bengal films with catechols in the form of L-
DOPA were tested.  Catechols can promote various crosslinking reactions (Figure 18). 
It can form different coordination complexes with metals depending on the pH, mediate 
π electron interactions due to its aromatic ring, promote hydrogen bonding with its 
hydroxyl groups and covalently bond with amine, imidazole and thiol residues found 
in tissue proteins when oxidised to an ortho-quinone in alkaline conditions or 
oxygenated environments.107 Catechols and ortho-quinones can also polymerise into 
oligomers.107  
 Studies have shown improved tissue bonding when catechols are incorporated 
with chitosan and other biomaterials. For example, a catechol conjugated chitosan 
hydrogel treated with NaIO4 produced an adhesion strength on rabbit intestine that was 
~ 2 times stronger than a chitosan hydrogel.108 The hydrogel formed when a solution of 
catechol-functionalized chitosan and a solution of thiol-terminated pluronic triblock 
copolymers were mixed at body temperature and pH, provided an adhesion strength on 
mouse subcutaneous tissue that was ~ 3 times stronger than the adhesion strength of 
this hydrogel without catechol groups.109 Furthermore, chitosan–catechol gel patches 
produced no significant inflammatory responses when implanted in rats for 6 weeks.110 
Catechols have also shown to provide strong tissue bonding on wet tissue. For 
example, a family of injectable glues composed of PEG and citrate polymer backbones 
with conjugated catechol groups and NaIO4 treatment were able to adhere on wet 
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porcine small intestine tissue about 2.5 to 8 times more strongly than fibrin-based glues 
(Tisseel).62 Also, a glue based on catechol functionalised albumin with Fe3+ and NaOH 
treatment could adhere over 10 times more strongly, within 30 minutes, than fibrin-
based glues (Tisseel) on wet porcine skin.111    
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Figure 18. Chemical structure of L-DOPA and its oxidised form (L-DOPAquinone). Examples of some 
crosslinking products formed with these molecules are also depicted. Amino, imidazole, thiol and carbonyl groups 
are commonly found in the proteins of tissue. 
50 
 
L-DOPA is an amino acid used in the body to make catecholamine 
neurotransmitters and often sold as a psychoactive drug. It is also found in many of  
nature’s glues; for example, mussels secrete an L-DOPA based adhesive that can attach 
to rock, metal and wood underwater and sandcastle worms also use an L-DOPA based 
material for sticking sand grains into tunnels for travel underwater.112,113 To simplify 
the fabrication procedure, L-DOPA was not functionalised to chitosan. The reactive 
oxygen species produced on tissue from rose bengal in the adhesives with green light 
irradiation (Figure 16B) were conjectured to mediate the oxidation of L-DOPA to 
promote further covalent bonding with the tissue surface. Green light photosensitisers 
have been reported to initiate the photooxidation and promote crosslinking of catechol 
and tyramine modified materials.114,115  
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3. Materials and Methods 
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3.1 Materials  
All chemicals were obtained from Sigma Aldrich (Sydney, Australia) except for 
oligomeric chitosan, which was obtained from AK Biotech Limited (Jinan, China). 
Chemicals were used as received.  
3.2 Adhesive Fabrication 
3.2.1 Preparation of Solutions used for the Film Fabrication  
The photoreactive adhesive films in this study were made from the solutions 
listed in Table 1. The standard solution, which is the composition of the chitosan-rose 
bengal adhesives used in previous studies as described in section 2.6.3, was prepared 
by mixing chitosan (deacetylation ~ 80 %, MW ~ 250 kDa ) at 1.70 % w/v, acetic acid 
at 2 % v/v and rose bengal at 0.01 % w/v in deionised water for 2 weeks at room 
temperature (~ 25 oC).83,84 Extended stirring is required to dissolve the rose bengal, 
which has poor solubility in acidic solutions. Undissolved particles were removed by 
centrifugation (time = 1 hour, force = 3270 g and temperature = 25 oC) and the 
supernatant was stored at 4 oC in a fridge until further use. The solution, when stirred 
and stored, was also shielded with aluminium foil to avoid photobleaching of rose 
bengal.  
The oligomeric solutions, which were used for fabricating the soluble 
photoreactive adhesive films, were made in the same way as the standard solution 
except that 10 % or 30 % of the concentration of chitosan added was oligomeric 
chitosan (deacetylation ~ 80 %, MW ~ 5 kDa). The addition of oligomeric chitosan was 
hypothesised to increase the erodibility of the adhesive films in phosphate buffer saline 
(PBS). 
To make the L-DOPA solutions (L-DOPA was hypothesised to increase the 
tissue bonding strength of the adhesive films), L-DOPA was added at 0.16 % w/v to 
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the standard or oligomeric solutions as obtained above and stirred at room temperature 
for one day to ensure complete dissolution. This concentration of L-DOPA equates to 
a 1:10 molar ratio of L-DOPA molecules to the NH2 groups of the chitosan monomers 
in the solutions. Images of the solutions are shown in Figure 19. 
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Table 1. Solutions used to make the photoreactive adhesive films (six different compositions were tested); the solutions were 
fabricated by simply dissolving the components together in deionised water. The standard solution is the composition used in 
previous studies.83,84 
* The label ‘oligomeric” signifies the percentage of chitosan that is oligomeric chitosan in the composition; the standard composition 
has no oligomeric chitosan, the oligomeric 10%, a composition where 10 % of the chitosan is oligomeric and the oligomeric 30%, a 
composition where 30 % of the chitosan is oligomeric. Compositions with L-DOPA are labelled with the “+ L-DOPA” extension.  
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Figure 19. Images of the solutions used to make the photoreactive adhesive films; (A) standard solutions, (B) oligomeric 10% 
solutions and (C) oligomeric 30% solutions. The right tube in each pair contains L-DOPA. Solutions with more oligomeric chitosan 
were redder in colour. The addition of L-DOPA did not cause an observable colour change that can be seen with the eye. 
A) B) C) 
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3.2.2 Fabrication of Photoreactive Non-porous Adhesive Films 
To make a non-porous adhesive film, 2.3 mL of a solution from Table 1 was 
pipetted onto a plastic Petri dish, shaped into a ~ 3 x 4 cm2 rectangle with a spatula and 
left to air dry at room temperature (~ 25 oC) for ~ 3 weeks under an aluminium tray 
with small pin holes. The film was carefully detached from the Petri dish using a spatula 
and cut into 1 x 4 cm2 or 2 x 2 cm2 pieces. The pieces were stored between glass slides 
(to preserve a flat shape), sealed with parafilm and wrapped in aluminium foil (to avoid 
photobleaching) at room temperature until further testing. The Petri dishes and glass 
slides were disinfected with 70 % v/v ethanol and dried in a fume hood at room 
temperature before use. Film thickness was measured at 5 different points with a digital 
micrometer (model 293-831, Mitutoyo, Japan) and the average was recorded down for 
each film. The thickness of the films ranged between 20 to 25 μm.  
3.2.3 Fabrication of Photoreactive Porous Adhesive Films 
To make a porous adhesive film, 3 mL of a solution from Table 1 was pipetted 
onto a plastic Petri dish and shaped into a ~ 3 x 4 cm2 rectangle with a spatula. The 
solution was immediately frozen (24 hours, ─ 30 oC), freeze dried (6 hours, ─ 50 oC, 0.1 
mbar) and then air dried for ~ 3 weeks at room temperature (as mention before) under 
an aluminium tray with small pin holes. The films were stored in the same way as the 
non-porous films (cut into pieces, stored between glass slides, sealed with parafilm and 
wrapped in aluminium foil at room temperature). The Petri dishes and glass slides were 
also cleaned with 70 % v/v ethanol as stated previously. The average thickness of the 
porous films when flatten and gauged with the digital micrometer at 5 different 
locations was within 340 to 370 μm. The fabrication procedure of the adhesive films is 
summarised in Figure 20.  
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Figure 20. A flowchart summarising the steps involved in the fabrication of the adhesive films. Components as detailed in 
Table 1, were mixed in deionised water (dissolution takes ~ 2 weeks). Undissolved matter was removed by centrifugation. 
The solution was then evenly dispensed over a 3 x 4 cm2 rectangle area. The non-porous films were made by air drying the 
spread solution (2.3 mL) for ~ 3 weeks. To make the porous films, the spread solution (3 mL) was frozen (─ 30 oC, 24 hours), 
freeze dried (─ 50 oC, 0.1 mbar, 6 hours) and then air dried for ~ 3 weeks.  
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3.3 Tissue Bonding Measurements  
3.3.1 LED Irradiation 
 To photochemically bond the films to tissue, the films were spot irradiated with 
a continuous wave of green light (515 nm; Figure 21) from an LED (Ultra High-Power 
Microscope LED, Prizmatix, USA), which was coupled to an optical fibre with a core 
diameter of 200 μm (Figure 22).  A fluence of ~ 110 J.cm─2 was delivered over the area 
of the film by scanning the green light beam across the film multiple times in ~ 0.5 cm 
diameter spots at an intensity of ~ 180 mW for ~ 5 seconds before moving to an adjacent 
spot. The effect of irradiation on the erodibility, swelling and mechanical properties of 
the films were assessed only for the films that produced the highest tissue bonding 
strength with irradiation (other related groups were also irradiated for comparison). To 
mimic physiological conditions, these selected films were immersed in PBS for ~ 5 
seconds before being exposed to the LED as describe above.  
 
 
 
 
 
 
 
 
 
Figure 21. Wavelength bandwidth of the Prizmatix 
Microscope LED system; peak wavelength is 515 nm. 
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Figure 22. General setup diagram (A) and image (B) of the Prizmatix 
Microscope LED system used to irradiate the adhesive films. The LED 
emits a continuous wave of green light (515 nm) at a maximum power 
of 250 mW.  
B) 
A) 
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3.3.2 Tissue Repair 
The tissue bonding strength of the adhesive films was tested in vitro on sheep 
small intestine tissue. Small intestine sections (20 cm) were collected immediately after 
sheep euthanasia (Wollondilly Abattoir, Proprietary Limited); the fresh intestine 
sections were flushed with water and stored at ─ 80 oC. Before testing, the intestine 
sections were defrosted at room temperature (~ 25 oC) in water. The mesenteric tissue 
layer on the intestine was removed and the tissue was cut into ~ 1.5 x 4 cm2 pieces with 
scissors. A tissue piece was then dipped into water, bisected with scissors and the ends 
approximated together with microforceps under an operating microscope 
(magnification 20x). Excess water on the tissue was removed with cotton tips and the 
adhesive film (~ 1.0 x 0.6 cm2) was positioned over the bisection line on the serosa 
layer of the tissue with microforceps. To photochemically bond the films to tissue, the 
films were irradiated with green light (Figure 23) using the procedure outlined in 3.3.1. 
The irradiation parameters of the bonded films are summarised in Table 2.  
 
 
 
 
 
 
 
 
  
 
 
Table 2.  The irradiation parameters for the photochemical tissue bonding procedure. 
Values in the table represent mean ± maximum error.  
* Film Area, surface area of the adhesive film; Power, the LED power used for 
irradiation; Time, the total irradiation time; Irradiance, the estimated irradiance defined 
as (Power) / (Area of the LED beam spot); Fluence, the estimated fluence defined as 
(Power x Time) / (Film Area). 
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Figure 23.  Images of the photochemical tissue bonding procedure; 
approximated tissue pieces are held together by an adhesive film (A), 
which is spot irradiated with green light from an LED (B). 
A) 
B) 
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3.3.3 Tensile Test of Repaired Tissue 
To quantify and compare the tissue bonding strength of the adhesive films, the 
repaired tissue samples (3.3.2) were pulled apart with a calibrated single column 
tensiometer (model: Instron 3343, Instron, USA and software: Bluehill 2). Before the 
tensile test, the repaired tissue was kept moist inside a humid chamber to mimic in vivo 
conditions and to avoid tissue desiccation. Each section was clamped into the 
tensiometer, which moved at a rate of 22 mm.min−1. The maximum force required to 
separate the repaired tissue was recorded and the tissue bonding strength was estimated 
by dividing the maximum force by the area of the film. The area under the force vs 
extension curve was calculated as the tissue adhesion energy of the films (Figure 24); 
this parameter was calculated automatically with the tensiometer software. Thirty 
samples from each group were tested. An image of this tensile test is shown in Figure 
25. 
Figure 24. An example of a tensiometer force vs extension curve. For 
the tissue-adhesive repair, the maximum point on the curve (blue line) 
is recorded as the maximum force required to separate the sample. The 
tissue adhesion energy is defined as the area under the curve (grey area) 
and represents the energy required to break the tissue-adhesive repair.  
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Figure 25.  Image of the tensile test setup used to estimate the tissue 
bonding strength and tissue adhesion energy of the films on sheep intestine 
tissue; the repaired tissue is clamped into the 3343 Instron and then pulled 
apart at constant rate.  
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3.4 Characterisation of Physical and Chemical Properties  
3.4.1 Erodibility Study 
The erodibility of the films (percentage mass loss) was measured in PBS at 37 
oC to mimic in vivo conditions. To get the mass of the dry film before placing in PBS 
(mi), films (size = 2 x 2 cm
2) were transferred into permeable teabags (Figure 26), frozen 
(1 hour, ─ 80 oC), freeze dried (24 hours, ─ 50 oC, 0.1 mbar) and then weighed. The tea 
bags with the films were placed in a container with 50 mL of PBS (pH = 7.4) and 
incubated at 37 oC in a constant temperature water bath for 7 days; the PBS was replaced 
with fresh PBS every day. To get the mass of the dry film after placing in PBS (md) at 
different time points (day 1, 3, 5 and 7), the teabag with the film was removed from the 
PBS, frozen (1 hour, ─ 80 oC), freeze dried (24 hours, ─ 50 oC, 0.1 mbar) and weighed. 
The teabags and containers were disinfected with 70 % v/v ethanol and dried in a fume 
hood at room temperature (~ 25 oC) before use. Six samples were tested from each 
group.  The percentage mass loss of the films while incubated in PBS was calculated 
as follows: 
 
% mass loss =  
𝑚𝑖 − 𝑚𝑑
𝑚𝑖
 × 100      (Equation 1) 
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Figure 26. Images of the erodibility test; (A) the adhesive film (2 x 2 cm2) inside a permeable teabag, (B) the teabag with the 
film immersed in 50 mL of PBS, (C) the vessel (a container wrapped with foil) that the teabag with the film was placed in when 
frozen (vessel was capped) and freeze dried, (D) the constant temperature water bath incubator (Labec, Australia) used and (E) 
the freezer dyer (Alpha 1-2LDplus, Martin Christ, Germany) used. 
(A)  (B)  (C)  
(D)  (E)  
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3.4.2 Swelling Study 
The percentage mass swelling ratio of the films was measured in PBS at 37 oC 
to mimic in vivo conditions. The films were cut into 2 x 2 cm2 squares and weighed to 
get the initial dry mass (mi). The films were then placed in containers with 50 mL of 
PBS (pH = 7.4) and incubated in a constant temperature water bath set at 37 oC for 2 
hours (the swelling ratios were observed to plateau within this time frame). The 
containers were disinfected before use as previously described in the erodibility study. 
At different time intervals (10, 20, 30, 40, 50, 60 and 120 minutes), the films were taken 
out of PBS, placed on a Kim Wipe tissue and gently blotted 3 times with another Kim 
Wipe tissue to remove excess water left on the surface of the films (Figure 27). The 
mass of the films measured after this procedure was noted as the swollen mass (ms). 
The percentage swelling ratio was calculated as shown in Equation 2.  Six films from 
each group were tested.   
 
% swelling ratio =  
𝑚𝑠 − 𝑚𝑖
𝑚𝑖
 × 100  (Equation 2) 
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Figure 27. Images of the swelling test: (A) shows the dry adhesive film (2 x 2 cm2) before immersion in PBS, (B) depicts 
the film immersed in 50 mL of PBS, (C) displays how the wet film was gently blotted with a Kim Wipe to remove excess 
water and (D) shows the film after the blotting procedure.   
(A) (B) (C) 
(D) 
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3.4.3 Mechanical Test 
To determine the tensile strength, percentage elongation and Young’s modulus 
of the films, the 3343 Instron tensiometer as described previously, was used. The films 
were cut into 0.6 x 3.0 cm2 strips, dipped into PBS for ~ 10 seconds to mimic in vivo 
conditions, compressed with clean glass slides to standardise thickness and kept inside 
a humid chamber to keep the films moist before testing. The films were clamped to the 
tensiometer (grip gap = 1 cm), which was set to move at a rate of 22 mm.min−1 until the 
film ruptured cohesively (broke in two pieces). The tensile stress was calculated as the 
load force divided by the original width and thickness of the film; the maximum tensile 
stress was recorded as the tensile strength. Tensile strain was measured as the length of 
the elongation divided by the original length of the film; the maximum tensile strain 
was recorded as the percentage elongation. Young’s modulus was defined to be the 
ratio of the tensile stress and tensile strain at the linear portion of the tensile stress vs 
tensile strain profile (Figure 28); this parameter was calculated automatically with the 
tensiometer software (Bluehill 2). Ten samples were measured from each group.  
Figure 28. An example of a tensile stress vs tensile strain curve; 
the Young’s modulus is defined as the tangent slope at the linear 
portion of the graph (marked by the black broken line).  
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3.4.4 Scanning Electron Microscopy of Porous Structure 
The JEOL 6510 low vacuum, scanning electron microscope (SEM) was used to 
observe the pore shape in the porous films. The films (0.5 x 0.5 cm2) were fixed with 
double-sided conductive carbon tape on aluminium stubs. For better visibility of the 
pore dimensions, the films were left unflattened after fabrication. The following SEM 
parameters were held constant: accelerating voltage = 15 kV, working distance = 12 
mm, pressure = 30 Pa and magnification 50x. The longest (dL) and shortest diameter 
(dS) of 50 randomly chosen pores were measured using the Aperio ImageScope 
program (version 12.3.2.8013). The effective pore diameter was defined as the 
√𝑑𝐿  ×  𝑑𝑆 (Figure 29).
116 The pore diameters were gauged in 6 different films per 
group. 
 
Figure 29. A diagram showing how the effective pore diameter is 
calculated. The effective pore diameter is defined as the square root of 
the product between the longest diameter of the pore (dL) and the 
shortest diameter of the pore (dS). Pores diameters were measured in 
this way because the pores in the porous films were not perfectly 
circular.  
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3.4.5 Scanning Electron Microscopy of Adhesive ─ Tissue Interface 
The LED-bonded adhesive film to intestine tissue was imaged with the JEOL 
6510 low vacuum SEM to observe the bonding at the tissue interface. In preparation 
for SEM visualisation, transverse sections (~ 0.5 x 0.3 cm2) were cut through the 
intestine tissue with the photochemically bonded adhesive and immediately fixed in 
Karnovsky’s solution (2 % v/v glutaraldehyde and 2.5 % w/v paraformaldehyde in 
0.1 M PBS) at 4 °C. After 24 hours, the samples were rinsed with PBS for 15 minutes 
and dehydrated with a grade series of ethanol with concentrations of 30, 50 and 70 % 
v/v. The samples were attached to aluminium stubs with double-sided conductive 
carbon tape and viewed with the following SEM parameters: accelerating voltage = 15 
kV, working distance = 12 mm, pressure = 30 Pa.  
3.4.6 Atomic Force Spectroscopy  
The atomic force microscope (AFM) was used to analyse the adhesion 
properties of the films that had highest tissue bonding strength (other films with useful 
properties for clinical application were also examined for comparison). Each film was 
cut into a 1 x 1 cm2 square and attached to a sterile 3.5 cm diameter plastic Petri dish 
using a very thin layer of clear setting epoxy glue (Loctite).  The Petri dish was also 
glued to a glass slide with the epoxy.  Silicon cantilevers with a nominal spring constant 
of ~ 0.3 N.m-1 and a resonant frequency of 14 ─ 17 kHz (type: SICON, AppNano, USA), 
which were individually calibrated with the thermal noise method, were used. The film 
was immersed in 2 mL of water during the measurement to minimise capillary effects 
and the AFM (NanoWizard II, JPK Instruments, Germany) was set to the following 
parameters; Z-length = 2.0 μm, extend time = 2.0 seconds and relative setpoint = 5 nN. 
Force measurements were performed in nine different locations over the 50 x 50 μm2 
sample area. The energy required to detach the cantilever from the sample surface was 
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calculated as the area under the AFM force vs extension curve and was recorded as the 
AFM tip adhesion energy; this parameter was calculated automatically with the JPK 
Data Processing software (version spm-5.0.96). Six films were tested from the selected 
groups. Images of the procedure are shown in Figure 30. 
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Figure 30. Details of the atomic force spectroscopy experiment. For this experiment, the adhesive film (1 x 1 cm2) was glued onto the bottom of a 
3.5 cm diameter plastic Petri dish with a very thin layer of epoxy glue; the Petri dish was also glued to a glass slide. The film was then immersed in 
2 mL of water (A) to minimise capillary effects during the force spectroscopy procedure (B), which involved moving an AFM silicon tip towards 
the film surface and then retracting this tip away from the surface. Polymers chains that are tethered to the tip during the approach regime, are pulled 
when the tip moves away from the film surface and the rupturing of these attached polymers are seen by the peaks in AFM force vs extension curve 
shown in (C). The grey shaded area in this graph represents the AFM tip adhesion energy, which is the total energy required to retract the approached 
AFM tip away from the adhesive film surface. Images of the AFM are shown in (D). 
(A) (B) 
(D) 
(C) 
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3.4.7 Spectroscopic Observation of L-DOPA Oxidation  
Irradiation induced L-DOPA oxidation was qualitatively studied using 
ultraviolet-visible (UV-Vis) spectroscopy to record the wavelength of absorption peaks. 
More detailed analysis, such as measuring the concentration of oxidized products, is 
problematic as L-DOPA produces various intermediate products upon oxidation.  
Furthermore, the opacity of the L-DOPA porous films made it impossible to record 
their spectra in the spectrophotometer, for this reason the L-DOPA modified adhesive 
films (mass = 4 mg) with and without irradiation were dissolved in 5 mL of deionised 
water with 2 % v/v acetic acid. The absorbance spectra of 1 mL aliquots in quartz 
cuvettes were then recorded at wavelengths from 200 to 700 nm at room temperature 
(~ 25 oC) using a Shimadzu UV-1800 UV-Vis spectrophotometer. All samples were 
initially blanked against 2 % v/v acetic acid in deionised water before recording their 
spectra.  
3.5 Statistical Analysis 
Experimental data were analysed using unpaired two-tailed t-tests or analysis of 
variance (ANOVA) one-way with Tukey’s post-tests. Means were considered 
significantly different if p < 0.05. Values are expressed as mean ± standard deviation 
and ‘n’ represents the number of samples tested for a group.  
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4. Results and Discussion
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4.1 Photoreactive Non-porous Chitosan Adhesives 
In this section, the tissue bonding strength, physical properties and mechanical 
characteristics of non-porous photoreactive chitosan adhesive films with 10 % or 30 % 
oligomeric chitosan were compared to the standard adhesive films.  
4.1.1 Tissue Bonding Strength  
 When irradiated, the tissue bonding strength of the oligomeric 10% adhesive 
films was as strong as the standard adhesive films (14.5 ± 1.2 kPa vs 14.5 ± 1.0 kPa, n 
= 30, p > 0.05, one-way ANOVA, Tukey’s post-test), while the oligomeric 30% 
adhesive films had a ~ 10 % lower bonding strength than both these adhesives (13.2 ± 
1.1 kPa, n = 30, p values < 0.0001, one-way ANOVA, Tukey’s post-test). These results 
are summarised in Figure 31. Tissue separation for every standard adhesive and 
oligomeric 10% adhesive was due to interface failure (the adhesive film detached from 
tissue surface) whereas every oligomeric 30% adhesive failed cohesively (the adhesive 
film broke in two pieces) due to its lower tensile strength (refer to section 4.1.4).    
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Figure 31. Tissue bonding strength of the standard, oligomeric 10% and oligomeric 
30% non-porous adhesive films when photochemically bonded to sheep intestine 
tissue. The data represents mean ± standard deviation (n = 30 for each group). The 
bonding strength of the standard and oligomeric 10% adhesives were similar (p > 
0.05; symbolised as ns) and significantly higher (p < 0.0001; symbolised as ****) 
than the oligomeric 30% adhesives (one-way ANOVA, Tukey’s post-test). The 
standard and oligomeric 10% adhesives detached from the tissue surface at maximum 
load in all tests. For the oligomeric 30% adhesives, in all tests, tissue separation was 
due to cohesive failure.  
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4.1.2 Erodibility  
The oligomeric 30% adhesive films exhibited the highest percentage mass loss 
after 1 week followed by the oligomeric 10% adhesive films and the standard adhesive 
films, which had the lowest percentage mass loss (day 7 = 55 ± 2 %, 16 ± 2 % and 5 ± 
1 %, respectively; n = 6; p values < 0.0001; one-way ANOVA, Tukey’s post-test). The 
same trend between groups was seen at day 1, 3 and 5 (Figure 32). The percentage mass 
loss of the oligomeric 30% adhesives at day 1, 3, 5 and 7 were also significantly 
different (p < 0.0001, one-way ANOVA); the oligomeric 10% and standard adhesives 
exhibited the same behaviour. The higher solubility of the oligomeric films is expected 
since oligomeric (low molecular weight) chitosan is more soluble in water than medium 
molecular weight chitosan.117   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32. Percentage mass loss of the standard, oligomeric 10% and oligomeric 30% 
non-porous adhesive films when immersed in PBS at 37 oC for one week. Each point 
represents mean ± standard deviation (n = 6). The oligomeric films were significantly 
more soluble than the standard films at each time point (p values < 0.0001, one-way 
ANOVA, Tukey’s post-test). The percentage mass losses among day 1 to 7, for each 
group, were also significantly different (p < 0.0001, one-way ANOVA). Some errors 
bars were too small to be shown on the graph.  
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4.1.3 Swelling  
The swelling ratio for the standard, oligomeric 10% and oligomeric 30% 
adhesive films were significantly different from each other when compared at each 
individual timepoint from 20 to 120 minutes inclusively (p values < 0.05, one-way 
ANOVA, Tukey’s post-test). The swelling ratios of the oligomeric 10% and oligomeric 
30% films were lower than the standard films (Figure 33). This decrease may be 
attributed to the dissolving of the film, as oligomeric chitosan increases the erodibility 
of the film (Figure 32). Lower swelling ratios for soluble chitosan materials have been 
observed in literature.118   
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Percentage mass swelling ratios of the standard, oligomeric 10% and 
oligomeric 30% non-porous adhesive films when immersed in PBS at 37 oC for 2 hours. 
Each point represents mean ± standard deviation (n = 6). For each timepoint after 10 
minutes, the standard films had significantly higher swelling ratios than the oligomeric 
10% and oligomeric 30% films (p values < 0.05, one-way ANOVA, Tukey’s post-test).  
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4.1.4 Mechanical Properties  
The oligomeric 10% films had a remarkable tensile strength that was 
comparable to the standard films (3.15 ± 0.15 MPa vs 3.20 ± 0.16 MPa, n = 10, p > 
0.05, one-way ANOVA, Tukey’s post-test). Both these films had much higher tensile 
strengths than the oligomeric 30% films (0.34 ± 0.08 MPa, n = 10, p values < 0.0001, 
one-way ANOVA, Tukey’s post-test). The percentage elongation of the standard and 
oligomeric 10% films were also similar (p > 0.05) and much greater (p < 0.0001) than 
the oligomeric 30% films (one-way ANOVA, Tukey’s post-test). This is a significant 
result because the introduction of oligomers in the 10 % range does not compromise 
the film’s strength and elongation capability. The percentage elongation of the standard, 
oligomeric 10% and oligomeric 30% films were 102 ± 5 %, 100 ± 6 % and 23 ± 6 % 
respectively (n = 10).  The Young’s modulus of the oligomeric 10% and oligomeric 
30% films were lower than the standard films (Figure 34). The Young’s modulus for 
the standard, oligomeric 10% and oligomeric 30% films were 3.50 ± 0.12 MPa, 3.32 ± 
0.12 MPa and 2.48 ± 0.10 MPa respectively (n = 10, p values < 0.05, one-way ANOVA, 
Tukey’s post-test). These results are in agreement with other studies that found chitosan 
films with low molecular weights to have lower tensile strengths, percentage 
elongations and Young’s moduli than films with higher molecular weights.119,120 
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Figure 34. Tensile strengths (A), percentage elongations (B) and Young’s moduli (C) of standard, oligomeric 10% and oligomeric 
30% non-porous adhesive films. The films were tested in the hydrated state to mimic in vivo conditions. The tensile strength, 
percentage elongation and Young’s modulus of the oligomeric 30% films were lower than the standard and oligomeric 10% films. 
Data represents mean ± standard deviation (n = 10 for each group). P values were determined by one-way ANOVA, Tukey’s post-
test, where **** signifies p < 0.0001 and ** as p < 0.01 and ns as p > 0.05.   
 
C) B) A) 
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4.1.5 Discussion  
Biodegradable materials are sought for tissue repair since they do not require additional 
surgical operations to remove them from the body. The biomaterials applied in current 
surgical procedures are limited by their toxicity, risk of infection, scarring, or poor 
mechanical properties. For example, cyanoacrylates break down into cytotoxic 
products, fibrin-based glues contain blood derived components that can promote 
infection, PEG-based glues have undesirable swelling properties and absorbable sutures 
require needle-based methods of placement, which can cause tissue trauma.5  This 
section of the thesis assessed the tissue bonding strength, physical properties and 
mechanical characteristics of non-porous photoreactive chitosan adhesive films with 
different percentages of oligomeric chitosan, which was added to improve 
degradability. These adhesives are photochemically bonded to tissue by an LED, and 
thus avoid thermal damage, unwanted or premature adhesion and tissue deformations.   
 The experimental results demonstrated that incorporating biocompatible 
oligomeric chitosan was successful for increasing the erodibility of the photoreactive 
adhesives in vitro. The oligomeric 10% films showed ideal properties for in vivo 
application because in 7 days, ~ 15 % of the material can be dissolved and at the same 
time it retains tissue bonding strengths and mechanical properties similar to the standard 
adhesives. 
The mechanical and swelling properties of the oligomeric adhesives were 
significantly reduced when there was a high proportion of oligomeric chitosan (30 %) 
in the films, most likely due to their increased erodibility. Oligomeric chitosan has also 
short polymer chains that can increase the film’s brittleness due to the reduced ability 
of forming molecular entanglements.120  
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A previous study showed that the mass loss percentage of the standard films 
could also be increased from approximately 9 ─ 25 % after 1 week in PBS as the 
concentration of the lysozymes loaded in the films was raised from 0.5 ─ 5 mg/mL.90 
In this study, the mass loss percentage of the films in PBS after 1 week increased from 
approximately 15 ─ 55 % as the concentration of oligomeric chitosan in the films was 
raised from approximately 3 ─ 10 mg/mL. The advantage of oligomeric chitosan over 
lysozymes or degradative enzymes is that oligomeric chitosan is less expensive, has a 
longer shelf life (enzymes usually require freezer storage) and does promote the 
hydrolysis of polymeric drugs if loaded into the films for drug delivery applications. 
Moreover, chitosan oligosaccharides in vivo, have shown to produce anti-
inflammatory,121 anti-tumor,122 ant-microbial effects,123 and promote faster tissue 
regeneration.124 The main downside of oligomeric chitosan is that if too much is added 
(e.g. 30 % or more), the films become weak and brittle.    
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4.2 Photoreactive Porous Chitosan Adhesives 
In this section, the tissue bonding strength, physical properties and mechanical 
characteristics of porous photoreactive chitosan adhesives were analysed and compared 
to the non-porous adhesives with the same compositions. 
4.2.1 Porous Structure  
The pore diameter of the standard and oligomeric 10% porous adhesive films 
were not significantly different (p > 0.05) but were ~ 2 times larger (p < 0.0001) than 
the oligomeric 30% porous adhesive films (one-way ANOVA, Tukey’s post-test). The 
effective pore diameter of the standard, oligomeric 10% and oligomeric 30% films were 
113 ± 26 μm, 110 ± 24 μm and 52 ± 18 μm, respectively (n = 300). These results are 
summarised in Figure 35. This result of smaller pore sizes with decreasing molecular 
weight of chitosan has been observed in literature.125  The pores in all films were also  
interconnected (Figure 36).  
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Figure 35.  Effective pore diameter of the standard, oligomeric 10% and oligomeric 
30% porous adhesive films. The pore diameter of the oligomeric 30% films was about 
one-half of the standard and oligomeric 10% films. Data represents mean ± standard 
deviation (n = 300 for each group). P values were determined by one-way ANOVA, 
Tukey’s post-test, where **** represents p < 0.0001 and ns as p > 0.05.   
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Figure 36. SEM images showing the surface of the standard, oligomeric 10% 
and oligomeric 30% porous adhesive films. The oligomeric 30% films had 
smaller pores (pore diameter ~ 50 μm) than the standard and oligomeric 10% 
films (pore diameters ~ 110 μm). The pores in all films were interconnected. 
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4.2.2 Tissue Bonding Strength  
Upon LED irradiation, the tissue bonding strength of the oligomeric 10% porous 
adhesives was similar to the standard porous adhesives (14.0 ± 1.1 kPa vs 13.5 ± 1.1 
kPa, n = 30, p > 0.05, one-way ANOVA, Tukey’s post-test), while there was a 
significant decrease of tissue bonding strength for the porous oligomeric 30% adhesives 
(11.8 ± 1.2 kPa, n = 30, p values < 0.0001, one-way ANOVA, Tukey’s post-test).  This 
result proves that incorporating oligomeric chitosan at 10 % in the adhesive 
composition did not affect significantly the tissue bonding strength. The porous 
adhesives with the standard and oligomeric 30% compositions achieved lower tissue 
bonding strengths than the non-porous adhesives, as illustrated in Figure 37A (p values 
< 0.01, one-way ANOVA, Tukey’s post-test). For all samples, tissue separation in the 
repairs occurred at the tissue interface, except for all the oligomeric 30% films and 
twenty percent of the porous oligomeric 10% films, which broke in half (cohesive 
failure).  
When the adhesive films were not irradiated, there was a sharp decrease of 
tissue bonding strength in all groups as photochemical tissue bonding reactions did not 
occur at the tissue interface. Interestingly, the tissue bonding strength of the porous 
adhesives without irradiation was significantly higher than the non-porous adhesives 
for each composition as shown in Figure 37B (p values < 0.0001, one-way ANOVA, 
Tukey’s post-test). In these tests, all oligomeric 30% films failed cohesively, whereas 
all standard and oligomeric 10% films failed at the tissue interface. It may be speculated 
that the porosity of the adhesive enhances the tissue interlocking and causes higher 
tissue bonding strength (Figure 38).  
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Figure 37. Tissue bonding strengths of porous and non-porous standard, oligomeric 10% and oligomeric 30% adhesive 
films with LED irradiation (A) and without LED irradiation (B) on sheep intestine tissue. With irradiation, the tissue bonding 
strength of the non-porous adhesives tended to be higher than the porous adhesives. Without irradiation, the tissue bonding 
strength of the porous adhesives was greater than the non-porous adhesives. The oligomeric 30% adhesives failed cohesively 
in all tests. The irradiated porous oligomeric 10% adhesives detached from the tissue interface in 80 % of the tests (20 % of 
the tests were due to cohesive failure). In every test for all other groups, tissue separation occurred at the tissue interface. 
Data represents mean ± standard deviation (n = 30 for each group). P values were determined by one-way ANOVA, Tukey’s 
post-test, where **** signifies p < 0.0001, ** as p < 0.01, * as p < 0.05 and p > 0.05 as ns. 
A) B) 
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Figure 38. SEM images of a non-porous (standard) and a porous (oligomeric 
10%) adhesive film photochemically bonded to sheep intestine tissue (T). The 
porous adhesive film can be seen to conform to tissue that closely follows the 
pore profile.  
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4.2.3 Erodibility  
At each time point (day 1, 3, 5 and 7), the oligomeric 30% porous adhesives 
were the most soluble adhesives out of all the groups tested in this study (p values < 
0.05, one-way ANOVA, Tukey’s post-test). The porous oligomeric 10% adhesives 
were the second most soluble adhesives out of all groups (p values < 0.05, one-way 
ANOVA, Tukey’s post-test).  The least soluble groups were the porous and non-porous 
standard adhesives (Figure 39); there was no significant difference (p > 0.05) between 
these groups at each timepoint (one-way ANOVA, Tukey’s post-test). The percentage 
mass loss of the porous adhesives for each composition did vary from day 1 to 7 (p < 
0.0001, one-way ANOVA). At day 7, the percentage mass loss of the porous standard, 
oligomeric 10% and oligomeric 30% adhesive films were 58 ± 2 %, 20 ± 2 % and 6 ± 
1 % respectively (n = 6). Images of the porous and non-porous films before and after 
immersion in PBS for one week at 37 oC are shown in Figure 40.   
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 Figure 39. Percentage mass loss of porous and non-porous standard, oligomeric 
10% and oligomeric 30% adhesive films in PBS at 37 oC for one week. Each point 
represents mean ± standard deviation (n = 6). The porous oligomeric films were 
more soluble than their non-porous counterparts at each time point (p values < 0.05, 
one-way ANOVA, Tukey’s post-test).  
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Figure 40. Images of dried porous and non-porous standard, oligomeric 10% 
and oligomeric 30% adhesive films before and after placing in PBS at 37 oC 
for one week (background 1 mm grid paper). Oligomeric films were more 
soluble than standard films. Porous films tended to be more soluble than non-
porous films. The white patch on the non-porous oligomeric 10% film “Day 0” 
image was due to light reflection. 
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4.2.4 Swelling  
The swelling ratios of the porous adhesive films were approximately 2 to 3 times 
higher than the non-porous adhesive films at each time point from 10 to 120 minutes (p 
values < 0.0001, one-way ANOVA, Tukey’s post-test). The swelling ratios of the 
porous standard films and porous oligomeric 10% films were not significantly different 
at each timepoint after 20 minutes (p values > 0.05, one-way ANOVA, Tukey’s post-
test).  The porous oligomeric 30% films, on the other hand, tended to have significantly 
lower swelling ratios than both these films at each timepoint within 30 to 120 minutes 
inclusively (p values < 0.05, one-way ANOVA, Tukey’s post-test).  The swelling ratios 
for the porous films are shown in Figure 41. 
The increased swelling of the porous films can be explained by their higher 
water absorbing ability due to the capillary effects of the pores in the films to hold in 
water. Higher swelling ratios for chitosan films with greater porosity have been 
previously observed.92 Erodibility is also an important factor in swelling and may lower 
the swelling ratio due to mass loss from the film, especially for the porous oligomeric 
30% films, which are highly soluble in PBS (Figure 39); another study also found 
decreased swelling ratios for porous chitosan materials that were more soluble.118  
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Figure 41. Percentage mass swelling ratios of porous and non-porous standard, 
oligomeric 10% and oligomeric 30% adhesive films at different timepoints within 
2 hours in PBS at 37 oC. Each point represents mean ± standard deviation (n = 6). 
The porous films had significantly higher swelling ratios than the non-porous films 
at each timepoint (p values < 0.0001, one-way ANOVA, Tukey’s post-test). The 
swelling ratios of the porous standard films and porous oligomeric 10% films were 
also similar (p > 0.05) and significantly higher (p < 0.05) than the porous 
oligomeric 30% films at each time point after 20 minutes (one-way ANOVA, 
Tukey’s post-test).  
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4.2.5 Mechanical Properties  
The tensile strengths of the porous films were approximately 20 to 40 % of the 
non-porous films with the same compositions (p values < 0.0001, one-way ANOVA, 
Tukey’s post-test); tensile strengths of the porous standard, oligomeric 10% and 
oligomeric 30% were 1.05 ± 0.12 MPa and 0.85 ± 0.06 MPa and 0.10 ± 0.02 MPa 
respectively (n = 10). The same trend was seen between the Young moduli of porous 
and non-porous films (Figure 42); young moduli of the porous films were 1.53 ± 0.10 
MPa (standard), 1.30 ± 0.09 MPa (oligomeric 10%) and 0.57 ± 0.10 MPa (oligomeric 
30%).  The percentage elongations of the porous films were 99 ± 5 % (standard), 90 ± 
5 % (oligomeric 10%) and 43 ± 5 % (oligomeric 30%); there was no significant 
difference between the values for the standard porous and non-porous films (p > 0.05, 
one-way ANOVA, Tukey’s post-test). Other studies have also found similar results, in 
particular the reduced tensile strength and Young’s modulus with high percentage 
elongation of porous chitosan-based materials.126,127 Within both porous and non-
porous groups, the oligomeric 30% films had the lowest tensile strengths, percentage 
elongations and Young moduli (p values < 0.0001, one-way ANOVA, Tukey’s post-
test).  The results are summarised in Figure 43.  
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Figure 42. Representative tensile stress vs tensile strain curves of porous and 
non-porous standard, oligomeric 10% and oligomeric 30% adhesive films; the 
non-porous films were stronger than the porous films.  
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Figure 43. Tensile strengths (A), percentage elongations (B) and Young moduli (C) of non-porous and porous standard, oligomeric 10% 
and oligomeric 30% adhesive films. The films were tested in the hydrated state to mimic in vivo conditions. Porous adhesives have lower 
tensile strengths and Young’s moduli than non-porous adhesives. In both porous and non-porous groups, the oligomeric 30% films had 
much lower tensile strengths, percentage elongations and young moduli than standard films and oligomeric 10% films. Data represents 
mean ± standard deviation (n = 10 for each group). The symbols **** signify p < 0.0001, *** as p < 0.001, ** as p < 0.01 and ns as p > 
0.05 (p values determined by one-way ANOVA, Tukey’s post-test). 
C) 
B) 
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4.2.6 Discussion  
Effective cell proliferation and growth is necessary for successful tissue 
regeneration and repair. Porous adhesives offer the advantage of providing an optimal 
microenvironment for healing as cells can exchange nutrients and wastes through the 
pores.  
The porous adhesives in this study were fabricated though freeze drying; a 
process where the material is frozen, and its ice crystals are sublimated under low 
pressure to leave voids in the material.  For this research, when chitosan-based solutions 
were frozen at ─ 30 oC for 24 hours and then sublimated, spongey interconnected porous 
adhesive films were produced, with pore diameters ranging from about 30 to 140 μm, 
depending on the ratio of oligomeric chitosan in the films. At 30 % oligomeric chitosan, 
the mean pore diameter significantly reduced to ~ 50 μm, which was half of the standard 
and oligomeric 10% porous films. Nevertheless, the pore sizes can be tuned to suit 
specific size requirements by controlling the freezing conditions. Other reports have 
demonstrated that when chitosan solutions were frozen at lower temperatures or shorter 
cooling times and then sublimated, materials with smaller sized interconnected pores 
were produced, whereas larger pores formed when higher temperature and long cooling 
regimes were used.126,128 
The porous adhesives could maintain tissue bonding strengths in range with the 
non-porous adhesives when irradiated with an LED. This result can be ascribed to 
photochemical reactions occurring at the tissue interface.  The erodibility study showed 
that the porous films can be made more soluble in PBS by adding a higher percentage 
of oligomeric chitosan in the films. The mechanical tests revealed that porous films 
have significantly lower Young’s moduli and tensile strengths than non-porous films. 
This result is expected as the pores in the films act as sites for crack initiation.129 
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Increasing the oligomeric percentage in films also led to lower tensile strengths, 
percentage elongations and young moduli likely due to the increased erodibility of the 
films. Nevertheless, despite the lower mechanical properties of the porous films, these 
adhesives can still uphold high tissue bonding strengths as detailed before. The swelling 
experiments showed that porous films swell about 2 to 3 times more than non-porous 
films (the swelling ratio of the porous films ranged from 220 to 320 %), which means 
that these films are more permeable to their environment. The porous films are still 
suitable for use near sensitive tissue such as the cervical cord, because complications 
due to compression occur more likely when films swell more than 400 %.43  
The properties of the porous oligomeric 10% adhesive opens its potential use in 
vivo for soft tissue repairs, as ~ 20 % of the material can be dissolved after one week 
and its tissue bonding strength is comparable to the non-porous adhesives. Its porous 
structure may also allow for cell migration and tissue remodelling.130 This adhesive 
film may also be indicated as a “heart patch” that incorporates cardiac stem cells.131 
The fast erodibility of the film may avoid tissue encapsulation and guarantee the 
delivery of stem cells for replacement of scar tissue in the damage cardiac muscle. The 
porous oligomeric 30% films may also be used for cell delivery applications, as ~ 60 % 
of this material can be dissolved in a week, but would not be suitable for repairing 
peripheral nerves, for example, where the anastomosis stability is needed for 2 weeks.20  
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4.3 Photoreactive L-DOPA Chitosan Adhesives  
In this section, the tissue bonding strength of photoreactive chitosan adhesives 
with L-DOPA (both porous and non-porous) were compared to their counterparts 
without L-DOPA. The physical and mechanical properties of the L-DOPA adhesive 
that produced the highest bonding strength were then examined and compared to the 
properties of selected groups. The effect of LED irradiation on the physical and 
mechanical properties of these adhesives were also assessed, since it is was important 
to establish whether these properties change after LED irradiation because of L-DOPA 
oxidation. Previous studies have established that irradiation does not affect the 
mechanical characteristics and degradability of the adhesives based on chitosan and 
rose bengal.90,119  
4.3.1 Tissue Bonding Strength  
When irradiated, the porous oligomeric 10% + L-DOPA adhesive film produced 
a tissue bonding strength of 19.0 ± 1.1 kPa (n = 30), which was 30 to 60 % higher than 
all the adhesives tested in this study (p values < 0.0001, one-way ANOVA, Tukey’s 
post-test). The tissue bonding strength of the other adhesives with L-DOPA were not 
significantly different to their counterparts without L-DOPA as seen in Figure 44 (p 
values > 0.05, one-way ANOVA, Tukey’s post-test). Tissue separation in the repairs 
with the oligomeric 10% + L-DOPA adhesives was predominately at the tissue interface 
(77 % interface failure and 23 % cohesive failure). The oligomeric 30% + L-DOPA 
adhesives failed cohesively in all tests due to their low tensile strength; all other L-
DOPA adhesives failed at the tissue interface.  
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Figure 44. Tissue bonding strengths of photochemically bonded non-porous and porous 
standard, oligomeric 10% and oligomeric 30% adhesive films with or without L-DOPA 
on sheep intestine tissue. Data represents mean ± standard deviation (n = 30 for each 
group). The addition of L-DOPA significantly increased the tissue bonding strength for 
the oligomeric 10% porous adhesives. These adhesives failed cohesively in 23 % of the 
trials (77 % was due to interface failure). The oligomeric 30% + L-DOPA adhesives 
failed cohesively in all tests. All other L-DOPA adhesives failed at the tissue interface. 
P values were determined by one-way ANOVA, Tukey’s post-test, where **** 
represents p < 0.0001 and ns represents p > 0.05.  
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4.3.2 Adhesion Energy  
4.3.2.1 Tensiometer Measures 
The adhesives with higher tissue bonding strengths were further characterized 
to establish whether their tissue adhesion energy was also superior. The tissue adhesion 
energy was thus measured when samples were tested for tissue bonding strength in the 
following groups; porous oligomeric 10% + L-DOPA (the strongest adhesive), porous 
oligomeric 10% (the strongest porous adhesive without L-DOPA) and both the non-
porous and porous standard adhesives (controls). The tissue adhesion energy of the 
porous oligomeric 10% + L-DOPA adhesive (8.3 ± 1.2 mJ), was significantly higher 
than the non-porous standard (5.1 ± 1.0 mJ), porous standard (5.3 ± 1.0 mJ) and the 
porous oligomeric 10% (5.5 ± 1.1 mJ) adhesive films (p values < 0.0001, one-way 
ANOVA, Tukey’s post-test, n = 30). Figure 45 shows typical tensiometer plots of  tissue 
repaired with those adhesives. The increased adhesion toughness is an important feature 
of the porous oligomeric 10% + L-DOPA adhesives because more energy is necessary 
to detach these adhesives from tissue than the other adhesives (Figure 46A).  
4.3.2.2 Atomic Force Microscope Measures 
When the AFM tip measured the adhesion energy of the films (Figure 47), the 
non-porous standard adhesive had a significantly lower adhesion energy than all the 
other groups (p values < 0.0001, one-way ANOVA, Tukey’s post-test, n = 54); the 
adhesion energy of the porous oligomeric 10% + L-DOPA, non-porous standard, 
porous standard and the porous oligomeric 10% adhesives were (6.0 ± 1.0) x 10-16 J, 
(1.8 ± 0.5) x 10-16 J, (5.6 ± 0.7) x 10-16 J and (5.6 ± 0.7) x 10-16 J respectively. These 
results indicate that porous adhesives form tougher bonds than non-porous ones (Figure 
46B), however, the adhesion energy of the porous and non-porous adhesives (standard 
and oligomeric 10%) are similar when photochemically bonded to tissue (Figure 46A). 
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Figure 45. Typical tensiometer force vs extension curves of sheep intestine tissue repaired with the non-
porous standard (A), porous standard (B), porous oligomeric 10% (C) and porous oligomeric 10% + L-
DOPA (D) adhesive films (size ~ 0.6 x 1.0 cm2) that have been photochemically bonded.  The repairs with 
the porous oligomeric 10% + L-DOPA adhesives withstood the highest force and dissipated the greatest 
energy. 
A) B) 
D) C) 
103 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46. Plot (A) represents the tissue adhesion energy of selected adhesives 
photochemically bonded to sheep intestine; the porous L-DOPA adhesive had 
the highest tissue adhesion energy. Plot (B) represents the energy required to 
detach the silicon tip of the AFM cantilever from the surface of the selected 
adhesives films; it was tougher to remove the AFM tip from the porous adhesives 
than the non-porous ones. Data is displayed as mean ± standard deviation where 
n = 30 for (A) and n = 54 for (B).  P values were determined by one-way 
ANOVA, Tukey’s post-test, where **** signifies p < 0.0001.  
A)  
B)  
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Figure 47. Typical AFM force vs extension curves for the non-porous standard (A), porous standard (B), porous oligomeric 
10% (C) and porous oligomeric 10% + L-DOPA (D) adhesive films. The porous films had higher adhesion energies than the 
non-porous standard films.  
A) 
C) D) 
B) 
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4.3.3 L-DOPA Oxidation 
 To examine the L-DOPA oxidation within the porous oligomeric 10% + L-DOPA films 
upon LED irradiation as the films change colour from pink to brown (Figure 48), UV-Vis 
spectra of the films with and without irradiation were recorded; to record their spectra, the films 
were dissolved in 2 % v/v acetic acid (Figure 49). Upon irradiation, the absorbance of 
wavelengths within 300 to 500 nm increased. This suggests the accumulation of amine-
catecholquinone products (300 ─ 400 nm) and the formation of catecholquinone coupling 
derivatives (400 ─ 500 nm) in the film when irradiated.132-134 These peaks are broad due to the 
absorbance summation of various oxidation products. Both films had a peak at 280 nm, which 
is characteristic of L-DOPA, and peaks at 528 nm and 563 nm, which are typical of rose 
bengal.84,135   
Figure 48. Images showing the browning of the porous oligomeric 10% + 
L-DOPA adhesive films when photochemically bonded to sheep intestine 
tissue (film size ~ 1.0 x 0.6 cm2); left image displays the film before LED 
irradiation and the right image shows the film after ~ 6 minutes of LED 
irradiation. The browning of the adhesive is characteristic of products from 
L-DOPA oxidation. 
Green Light 
Irradiation 
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Figure 49. Spectroscopic observation of L-DOPA oxidation within the porous oligomeric 10% + L-DOPA films when 
irradiated with green light. A) shows images of the adhesive films with and without irradiation that were dissolved in 2 % v/v 
aqueous acetic acid to record their spectra. B) shows representative UV-Vis spectra of 1 mL aliquots from the dissolved 
samples shown in A). When the adhesive films were irradiated, the absorbance for wavelengths within 300 to 500 nm 
increased, indicating the formation of products with catecholquinones.  
Irradiated  Non-irradiated   
A) B) 
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4.3.4 Porous Structure  
The effective pore diameter of the oligomeric 10% + L-DOPA and oligomeric 
10% adhesive films were similar (108 ± 22 μm and 110 ± 24 μm respectively, p > 0.05, 
unpaired t-test, n = 300). A graph of the results is shown in Figure 50 and SEM images 
of the films are shown in Figure 51. The results verify that the addition of L-DOPA at 
0.16 % w/v does not appreciably alter the pore size.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 50. Effective pore diameter of porous oligomeric 10% adhesive films with and 
without L-DOPA. Data represents mean ± standard deviation (n = 300 for each group). 
The addition of L-DOPA did not significantly affect the pore diameter of the oligomeric 
10% films (p > 0.05, unpaired t-test). 
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Figure 51. SEM images showing the surface of the porous oligomeric 10% film with 
and without L-DOPA. The pores in both films were interconnected and ~ 110 μm in 
diameter.  
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4.3.5 Erodibility  
The percentage mass loss of the porous oligomeric 10% + L-DOPA adhesive 
films after one week was comparable to the porous oligomeric 10% adhesive films (day 
7 = 18 ± 2 % vs 20 ± 2 %, n = 6, p > 0.05, one-way ANOVA, Tukey’s post-test). A 
similar result was also obtained when compared at day 1, 3 and 5. Irradiation did not 
significantly change the erodibility of the films (p values > 0.05, one-way ANOVA, 
Tukey’s post-test), in agreement with a previous study that found no significant effect 
of irradiation on the degradation rate of chitosan films.90 However, the erodibility of 
the irradiated porous oligomeric 10% + L-DOPA adhesive film was significantly lower 
(p < 0.05) than the non-irradiated porous oligomeric 10% adhesive film at day 5 and 
day 7 (one-way ANOVA, Tukey’s post-test). These results are summarised in Figure 
52. 
 
 
 
 
 
 
 
  
 
 
Figure 52. Percentage mass loss in PBS at 37 oC during one week for the porous 
oligomeric 10% adhesive films with and without L-DOPA. Significant differences 
were only detected between the porous oligomeric 10% films and the irradiated porous 
oligomeric 10% + L-DOPA films at day 5 and 7 (p values < 0.05, one-way ANOVA, 
Tukey’s post-test). Each point represents mean ± standard deviation (n = 6).  
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4.3.6 Swelling  
The swelling ratios of the porous oligomeric 10% adhesive films and porous 
oligomeric 10% + L-DOPA adhesive films were not significantly different (p > 0.05) 
at each timepoint within the 2-hour interval of incubation (one-way ANOVA, Tukey’s 
post-test). Irradiation did significantly lower the swelling ratios at each timepoint after 
30 minutes for the porous oligomeric 10% + L-DOPA adhesive films (p values < 0.05, 
one-way ANOVA, Tukey’s post-test). The results are summarised in Figure 53. 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 53. Percentage mass swelling ratios from 0 to 2 hours in PBS at 37 oC for the 
irradiated and non-irradiated porous oligomeric 10% adhesive films with or without L-
DOPA. Each timepoint represents mean ± standard deviation (n = 6). There was a 
significant difference in the swelling ratios between the irradiated porous oligomeric + L-
DOPA films and the non-irradiated porous oligomeric 10% + L-DOPA films at each 
timepoint after 30 minutes (p values < 0.05, one-way ANOVA, Tukey’s post-test).  
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4.3.7 Mechanical Properties 
When the porous oligomeric 10% adhesive films with or without L-DOPA were 
LED-irradiated, the mechanical properties (tensile strength, percentage elongation and 
Young’s modulus) did not change significantly (Figure 54) (p > 0.05, one-way 
ANOVA).  This fact indicates that the concentration of L-DOPA introduced into the 
films did not meaningfully influence the mechanical properties. It should be noted that 
crosslinking can alter the mechanical properties of polymers, nonetheless the 
mechanical test was performed immediately after irradiation and the self-crosslinking 
between chitosan and L-DOPA appeared irrelevant. Representative tensile stress vs 
tensile strain plots are shown in Figure 55.  
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Figure 54. Tensile strength (A), percentage elongation (B) and Young’s modulus (C) of the irradiated and non-irradiated porous 
oligomeric 10% adhesive films with or without L-DOPA. The films were tested in the hydrated state to mimic in vivo conditions. 
Data represents mean ± standard deviation (n = 10 for each group). There was no significant difference (ns) between any of the 
groups (p > 0.05, one-way ANOVA). 
A) B) C) 
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Figure 55. Representative tensile stress vs tensile strain curves of irradiated and non-
irradiated porous oligomeric 10% adhesive films with or without L-DOPA. The 
addition of L-DOPA did not significantly affect the mechanical properties of the 
films. Irradiation also did not significantly affect the mechanical properties of the 
films.  
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4.3.8 Discussion  
The chitosan-rose bengal adhesives developed by Lauto and colleagues for soft 
tissue repair have remarkable properties including high bonding strength and adjustable 
degradability.3,4,83,90,98 Nonetheless, some clinical procedures such as tendon repair 
require an enhanced bonding strength to stabilize the wound and allow tissue 
regeneration for several months.136 
In this section, a new “generation” of the chitosan-rose bengal adhesive has been 
developed and tested with enhanced bonding strength. This versatile adhesive is made 
from a blend of medium weight and oligomeric chitosan, rose bengal and L-DOPA and 
has the remarkable following properties: 
1. The highest photochemical tissue bonding strength among the tested adhesives 
2. The ability to solubilise by ~ 20 % in a week  
3. A porous and elastic structure for possible cell growth 
4. A simple and up-scalable manufacturing procedure where components are just 
mixed together, lyophilised and air dried 
5. The capability to adjust the adhesion strength with green light  
6. A film structure that can be cut to any size 
The mechanism responsible for this L-DOPA adhesive to achieve the highest 
bonding strength is still unclear, although it may be attributed to the crosslinking 
reactions between the amino groups of chitosan and collagen that are initiated by 
reactive catecholquinones formed at the tissue interface (Figure 56). This hypothesis is 
supported by the observation in Figure 57 where the distinctive brown colour due to the 
oxidation of L-DOPA was more accentuated on tissue repaired with the irradiated 
porous oligomeric 10% + L-DOPA and oligomeric 30% + L-DOPA adhesives. Further 
studies are required to elucidate tissue bonding mechanisms in detail.  
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Figure 56. Schematic of possible tissue bonding mechanisms for the porous oligomeric 10% + L-DOPA adhesive on sheep intestine tissue. 
Without green light irradiation, this adhesive primarily bonds to tissue through mechanical interlocking. With green light irradiation, the rose 
bengal dye (RB) absorbs the green light and at the tissue interface generates singlet oxygen, which in turn facilitates the oxidation of L-DOPA 
and tissue collagen. The L-DOPA oxidation products initiate a reaction cascade where the amino groups in chitosan or the tissue collagen 
crosslink through either (i) Michael addition and (iii) Schiff base reactions. The photooxidation also induces self-polymerisation of L-DOPA 
(ii). The collagen radicals may also initiate the crosslinking of chitosan’s amino groups with tissue collagen (iv).   
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Figure 57. Typical images of the staining on sheep intestine tissue when 
non-porous and porous standard, oligomeric 10% and oligomeric 30% 
adhesive films with L-DOPA (1.0 x 0.6 cm2) were photochemically bonded 
to the tissue; the pink areas on the tissue represent the presence of rose 
bengal and the dark brown areas are characteristic of oxidised L-DOPA 
intermediates. Tissue browning was greatest with the porous oligomeric 
10% + L-DOPA films and porous oligomeric 30% + L-DOPA films.  
Standard         
+ L-DOPA 
Oligomeric 10% 
+ L-DOPA 
Oligomeric 30% 
+ L-DOPA 
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It should be noted that the release of L-DOPA on the tissue due to diffusion 
and/or leaching from the 1.0 x 0.6 cm2 adhesive films, a typical film size used for 
surgery, would be well below what is usually administered to humans for autonomic, 
psychiatric or neurologic  effects, which is commonly in the range of 1 mg/kg of body 
weight, since the porous oligomeric 10% + L-DOPA films at this size contain a total of 
~ 0.24 mg of L-DOPA (~ 0.40 mg/cm2).137 Adverse side effects such as potential 
nausea, vomiting and dizziness occur more likely at higher doses, for example when L-
DOPA is infused at 1.5 ─ 3.0 mg/kg/hr, but this is strongly dependent on other factors 
such as age, gender, disease, and past treatments.137  
The addition of L-DOPA did not alter appreciably the physical and mechanical 
properties of the adhesive films such as erodibility, tensile strength, percentage 
elongation, Young’s modulus, swelling and pore size. However, the swelling ratio and 
erodibility of these films did appear to reduce with LED irradiation. The presence of 
crosslinking products formed in the films with LED irradiation, as seen in Figure 48, 
may contribute to the reduction of swelling and erodibility. The formation of L-
DOPAquinone intermediates and the crosslinks between chitosan and these compounds 
in the films have been observed from the UV-Vis spectra shown in Figure 49. Rose 
bengal molecules may initiate the formation of reactive oxygen species, namely singlet 
oxygen, which can easily oxidise the L-DOPA molecules into various L-
DOPAquinones intermediates. These molecules are able to covalently bond with the 
amino groups of chitosan and polymerise with other catechols to form melanin like 
conglomerates, which have hydrophobic properties.132,138 A similar process has been  
used to explain the reduced hydrophilicity of periodate-oxidised L-DOPA-chitosan 
films.138  
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Despite the formation of L-DOPAquinone intermediates and molecular 
crosslinking in the chitosan adhesive, the tensile strength, percentage elongation and 
Young’s modulus were not significantly affected; this may be due to the low 
concentration of L-DOPA (0.16 % w/v) and to the fact that the mechanical tests were 
performed immediately after the LED irradiation. In another study, periodate oxidised 
chitosan films with L-DOPA at much higher concentrations (5 ─ 20 % w/w)  were 
significantly stiffer than pure chitosan films.138 The ability of L-DOPA to autooxidise 
may indeed affect the adhesive mechanical properties in the medium (weeks) and long 
period (months) with the detrimental effect of limiting the shelf life of these adhesives. 
More studies are needed to evaluate the mechanical properties and tissue bonding 
strength of the adhesives after certain weeks of storage and in vitro incubation. 
Nevertheless, one way to slow down the autooxidation of these adhesives during 
storage is to keep them in vacuum sealed bags. 
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5.1 Conclusions  
In this study, the changes in erodibility, mass swelling ratios, mechanical 
properties and tissue bonding strengths of chitosan-rose bengal adhesive films when 
modified with the addition of oligomeric chitosan, pores through freeze drying, and L-
DOPA, were investigated.  
Adding oligomeric chitosan leads to a faster removal of the film by water and 
lower swelling ratios. Mechanical measurements revealed lower tensile strengths, 
percentage elongations and Young’s moduli of the films with increasing concentration 
of oligomeric chitosan. Adhesive films with oligomeric chitosan also achieve tissue 
bonding strengths within range of the standard adhesive films, which have no 
oligomeric chitosan.  
Porous adhesive films demonstrated greater erodibility, higher swelling ratios 
and weaker tensile strengths and Young’s moduli than their non-porous counterparts. 
The pore diameters of films halve when 30 % of the chitosan in the films is oligomeric. 
The tissue bonding strengths of porous films and non-porous films are within range of 
each other.  
The inclusion of L-DOPA leads to a ~ 30 % increase in tissue bonding strength 
only for the porous adhesive with 10 % of the chitosan being oligomeric. The addition 
of L-DOPA in this adhesive does not dramatically alter mechanical properties of the 
film even when L-DOPA is oxidised.  
In summary this thesis obtained the following: 
1. Faster solubilising chitosan-rose bengal adhesives when a proportion of 
the chitosan is oligomeric.  
2. Porous chitosan-rose bengal adhesives that can uphold tissue bonding 
strengths within range of non-porous chitosan-rose bengal adhesives. 
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3.  A novel porous adhesive based on a blend of medium MW chitosan, 
oligomeric chitosan, rose bengal and L-DOPA that has an increased 
tissue bonding strength. 
5.2 Future Directions   
In vivo studies are required to assess the degradation rate and efficacy of the 
adhesive films for tissue repair. The mechanism of light interaction with the porous 
films also needs to be clarified. The long-term effects of L-DOPA oxidation on the 
adhesive’s mechanical properties also needs to be evaluated to ensure that the adhesive 
remains viable for photochemical tissue bonding and thus determine the shelf-life of 
this biomedical device. Moreover, to demonstrate possible clinical applications, the 
adhesive films will be tested as a drug delivery vector and scaffold for tissue 
engineering. 
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